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1. SUMMARY

1.1 PROPOSED STANDARDS

Standards of performance for stationary internal combustion en-
gines are being proposed under Section 111 of the Clean-Air Act. These
standards would 1imit emissions of nitrogen oxides from diesel and
dual-fuel stationary internal combustion engines with greater than 560
cubic inch displacement per cylinder (CID/cyl) and gas engines with
greater than 350 cubic inch displacement per cylinder or equal to or
greater than 8 cylinders and greater than 240 cubic inch displacement
per cylinder,

The numerical emission limits for NOx would be 0.0700 percent by
volume (700 ppm) for gas engines, 0.0600 percent by volume (600 ppm)
for diesel engines, and 0.0600 percent by volume (600 ppm) for dual-
fuel engines corrected to 15 percent oxygen on a dry basis and referenced
to standard atmospheric conditions of 29.92 inches mercury, 85 degrees
Fahrenheit, and 75 grains moisture per pound of dry air. The proposed
standards would also include an adjustment factor for engine efficiency
which would adjust the emissions limits upward linearly for IC engines
with thermal efficiencies greater than 35 percent. NO, emissions from
stationary internal combustion engines, therefore, would be limited

according to one of the following equations:

700 <%El§ kJ/w'hr)for any gas engine
Y

STD

STD

Y
engine

600 (%4l§ kd/w'hi)for any diesel or dual-fuel

where:



STD = allowable NO, emissions (parts per million
volume corrected to 15 percent oxygen on a

dry basis).
Y = manufacturer's rated brake-specific fuel

consumption at peak load (kilojoules per

watt hour) or owner/operator's brake-

specific fuel consumption at peak load as

determined in the field.
During performance tests to determine compliance with the proposed
standards, measured NOx emissions at 15 percent oxygen would be ad-
justed to standard atmospheric conditions by the appropriate correction

factor in the table below:

Fuel Correction Factor
Diesel and
Dual-Fuel K=1/(1 + 0.00235(H -~ 75) + 0.00220 (T -~ 85))

Gas K= (Ky) (Kp)
Ky = 0.844 + 0.151 (1) + 0.075 (ix)?
H . : 100 ) T00
Kp =1 - (T - 85)(0.0135)
where:
H = observed humidity, grains H20/1b dry air

—
1]

observed inlet air temperature, °F

Internal combustion engine manufacturers, owners, or operators may
also elect to develop custom ambient condition correction factors, in

terms of ambient temperature, and/or humidity, and/or ambient pressure.
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These factors must also be substantiated with data and approved for use
by EPA.

The proposed standards would apply to facilities that commence
construction 30 months after the date of pub]iéation in the FEDERAL
REGISTER.

Emergency-standby internal combustion engines and all one- and

two-cylinder gas engines would be exempt from the NOX emission\jimit.

1.2 ENVIRONMENTAL/ECONOMIC IMPACT

Four emission control techniques, or combinations of these tecﬁi
niques, have been identified as demonstrated NO, emission reduction
systems for stationary internal combustion engines. These techniques
are: (1) retarded ignition or fuel injection, (2) air-to-fuel ratio
changes, (3) manifold air cooling, and (4) derating power output (at
constant speed). In general, all four techniques are applied by chang-
ing an engine operating adjustment.

Fuel injection retard is the most effective NO, control technique
for diesel engines. Similarly, air-to-fuel ratio change is the most
effective NO, control technique for gas engines. Both retard and air-
to-fuel ratio changes are effective in reducing NO, emissions from
dual-fuel engines.

Due to technical considerations, ignition retard in excess of
eight degrees in diesel engines and changes in the air-to-fuel ratio in
excess of five percent in gas engines are the limits to which these
techniques could be realistically applied. Eight degrees of ignition
retard in diesel engines and a five percent change in air-to-fuel

ratios in gas engines yield about a 40 percent reduction in NOx emis-
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sions. Actual emissions varied among engine types; however, the
degree of reduction was consistent.

Consequently, a 40 percent reduction in NO, emissions was the most
stringent regulatory option which could be selected as a basis for the
standards.l An alternative of 20 percent NOx emission reduction was
also considered a viable regulatory option which could serve as the
basis for standards of performance. |

The main environmental benefit of a standard based on either al-
ternative would be a reduction in national NO, emissions, which is now
14.6 million megagrams per year for all stationary sources. Total NO,
emissions would decline by 72,500 megagrams annually for alternative I
(20 percent reduction) and 145,000 megagrams annually for alternative
IT (40 percent reduction) in the fifth year after the standard went
into effect.

Ambient air quality dispersion modeling based on "worst case"
conditions indicates uncontrolled ambient air NO, levels near large
stationary IC engines can vary from approximately 60 percent of the
National Ambient Air Quality Standard (NAAQS) of 100 ,ug/m3 to over
twice the standard depending on the size of the engine. Thus, stan-
dards of performance based on alternative II would be more effective in
reducing ambient air NO, levels than standards of performance based on
alternative I.

Emissions of CO and HC, however, would increase, particularly from
naturally aspirated gas engines. The magnitude of the increase would
be large for CO; however, for both HC and CO, significant emission

reductions are readily achievable in other source categories. NOx
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emissions, on the other hand, are difficult to reduce, and stationary

internal combustion engines offer one of few opportunities for signi-
ficant NO, reduction. Therefore, NO, emissions were selected for
control by standards of performance.

There would be essentially no water pollution, solid waste, or
noise impact of standards of performance based on either alternative I
or alternative II.

The potential energy impact of standards of performance based on
efther alternative is small. The potential energy impact in the fifth
year after the standards go into effect, based on alternative I, would
be equivalent to an increase in fuel consumption of approximately 1.0
million barrels of oil per year compared to the IC engine fuel consump-
tion of engines affected by the standards of 31 million barrels per
year. The potential energy impact in the fifth year after the standard
goes into effect, based on alternative II, would be equivalent to
approximately 1.5 million barrels of oil per year. The impact of
alternative II represents only 0.02 percent of the 1977 domestic con-
sumption of crude oil and natural gas and only 0.02 percent of the
projected total U.S. oil imports five years after the standards go into
effect. |

Economic impacts on manufacturers or users of stationary internal
combustion engines are small., Manufacturers of stationary internal
combustion engines would incur additional costs as a result of stan-
dards of performance. The manufacturers' total capital investment
requirements for developmental testing of engine models is estimated to

be about $4.5 million to comply with standards of performance based on
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alternative I and about $5 million to comply with standards of perfor-
mance based on alternative II. Analyses of the financial statements
and other public financial information of engine manufacturers indicate
that the manufacturers' overhead budgets are sufficient to support the
development of these controls without adverse impact on their financial
position. Manufacturers would hot experience significant differential
cost impacts among competing engine‘mode1 families. Based on "worst-
case" assumptions, the maximum intra-industry sales losses would be
about six percent as a result of standards of performance based on
either alternative. In addition, the impact with regard to increasing
sales of gas turbines would be minimal, as a rasult of standards of
performance based on either alternative.

The.app11cation of NOx controls will also increase costs to the
engine user. The magnitude of this increase will depend on the amount
and type of emission control app]fed. Fuel penalties are the major
factor affecting this increase.

A two percent increase in price would be expected on the average
as the result of standards of performance based on either alternative.
The total additional capital cost for all users would equal about $9.6
million on a cumulative basis over the first five years to comply with
standards of performance based on either alternative. Total uncontrolled
annualized costs of about $580 million by all large stationary IC
engine users would increase, due mainly to fuel penalties, by about $25
million to comply with standards of performance based on alternative I
and would increase by about $32 million to comply with standards of

performance based on alternative II in the fifth year after the stan-
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dards go into effect.

These impacts translate into price increases for the end products
or services provided by the industrial and commercial users of large
stationary IC engines. The electric utility industry would pass on a
price increase after five years of 0.02 percent to comply with standards
of performance based on either alternative. After five years, delivered
natural gas prices would increase 0.02 percent as a result of standards
of performance based on alternative I and 0.04 percent as a result of
standards of performance based on alternative II. Even after a full
phase-in period of 30 years, during which new controlled engines would
replace all existing uncontrolled engines, these increases would be 0.1
percent for electric utilities, and 0.1 and 0.3 percent for delivered
natural gas prices as a result of standards of performance based on
alternatives I and II, respectively.

Based on this assessment of the impacts of each alternative, and
since alternative II achieves a greater degree of NO, reduction, it is
selected as the best technological system of continuous emission
reduction of NOx from stationary large-bore IC engines, considering the
cost of achieving such emission reduction, any nonair quality health
and environmental impact, and energy requirements{

1.3 INFLATIONARY IMPACT

An economic impact analysis would have to be developed if the
proposed standard caused an increase in the fifth-year annualized cost
of more than $100 million, a major product price increase of five per-
cent, or an increase in national energy consumption of 25,000 barrels

of 01l per day. The proposed standard of performance would increase
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operating costs $26 million in the fifth year, the largest price in-
creases would be approximately two percent, and energy consumption
would increase 4,300 barrels of oil per day. The Agency, therefore,

feels that no economic impact analysis is required.
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CHAPTER 2
INTRODUCTION

Standards of performance are proposed following a detailed
investigation of air pollution control methods available to the affected
industry and the impact of their costs on the industry. This document
summarizes the information obtained from such a study. Its purpose is to
explain in detail the background and basis of the proposed standards and
to facilitate analysis of the proposed standards by interested persons,
including those who may not be familiar with the many technical aspects of
the industry. To obtain additional copies of this document or the Federal
Register notice of proposed standards, write to EPA Library (MD-35),
Research Triangle Park, North Carolina 27711. Specify Standards Support
and Environmental Impact Statement: Proposed Standards of Performance for
Stationary Internal Combustion Engines, report number EPA-450/3-78-125a
when ordering.

2.1 AUTHORITY FOR THE STANDARDS

Standards of performance for new stationary sources are established

under Section 111 of tﬁe Clean Air Act (42 U.S.C. 7411), as amended,
hereafter referred to as the Act. Section 111 directs the Administrator
to establish standards of performance for any category of new stationary

source of air pollution which ", . . causes or contributes significantly
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to, air pollution which may reasonably be anticipated to endanger public
health or welfare."

The Act requires that standards of performance for stationary
sources reflect, ". . . the degree of emission limitation achievable
through the application of the best technological system of continuous
emission reduction . . . the Administrator determines has been adequately
demonstrated." In addition, for stationary sources whose emissions result
from fossil fuel combustion, the standard must also include a percentage
reduction in emissions. The Act also provides that the cost of achieving
the necessary emission reduction, the nonair quality health and
environmental impacts, and the energy requirements all be taken into
account in establishing standards of performance. The standards apply
only to stationary sources, the construction or modification of which
commences after regulations are proposed by publication in the Federal
Register.

The 1977 amendments to the Act altered or added numerous provisions
which apply to the process of establishing standards of performance.

1. EPA is required to Tlist the categories of major stationary
sources which have not already been listed and regulated under
standards of performance. Regulations must be promulgated for
these new categories on the following échedu]e:

25 percent of the listed categories by August 7, 1980
75 percent of the listed categories by August 7, 1981

100 percent of the listed categories by August 7, 1982
A governor of a State may apply to the Administrator to add a
category which is not on the list or to revise a standard of

performance.



2. EPA is required to review the standards of performance every
4 years, and if appropriate, revise them.

3. EPA is authorized to promulgate a design, equipment, work
practice, or operational standard when an emission standard is
not feasible.

4. The term "standards of performance" is redefined and a new term
"technological system of continuous emission reduction" is
defined. The new definitions clarify that the control system
must be continuous and may include a low-polluting or
nonpolluting process or operation.

5. The time between the proposal and promulgation of a standard
under Section 111 of the Act is extended to 6 months.

Standards of performance, by themselves, do not guarantee

protection of health or welfare because they are not designed to achieve
any specific air quality levels. Rather, they are designed to reflect the
degree of emission limitation achievable through application of the best
adequately demonstrated technological system of continuous emission
reduction, taking into consideration the cost of achieving such emission
reduction, any nonair quality health and environmental impact and energy
requirements.

Congress had several reasons for 1nc1uding’these requirements.

First, standards with a degree of uniformity are needed to avoid
situations where some States may attract industries by relaxing standards
relative to other States. Second, stringent standards enhance the
potential for long-term growth. Third, stringent standards may help
achieve long-term cost savings by avoiding the need for more expensive

retrofitting when pollution ceilings may be reduced in the future.
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Fourth, certain types of standards for coal burning sources can adversely
affect the coal market by driving up the price of Tow-sulfur coal or
effectively excluding certain coals from the reserve base because their
untreated pollution potentials are high. Congress does not intend that
new source performance standards contribﬁte to these problems. Fifth, the
standard-setting process should create incentives for improved technology.

Promulgation of standards of performance does not prevent State or
local agencies from adopting more stringent emission 1imitations for the
same sources, States are free under Section 116 of the Act to establish .
even more stringent emission 1imits than those established under Section
111 or those necessary to attain or maintain the national ambient air
quality standards (NAAQS) under Section 110. Thus, new sources may in
some cases be subject to limitations more stringent than standards of
performance under Section 111, and prospective owners and operators of new
sources should be aware of this possibility in planning for such
facilities.

A similar situation may arise when a major emitting facility is to
be constructed in a geographic area which falls under the prevention of
significant deterioration of air quality provisions of Part C of the Act.
These provisions require, among other things, that major emitting
facilities to be constructed in such areas are to be subject to best

available control technology. The term "best available control

technology" (BACT), as defined in the Act, means ". . . an emission
limitation based on the maximum degree of reduction of each pollutant
subject to regulation under this Act emitted from or which results from
any major emitting facility, which the permitting authority, on a

case-by-case basis, taking into account energy, environmental, and
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economic impacts and other costs, determines is achievable for such
facility through application of production processes and available
methods, systems, and techniques, including fuel cleaning or treatment or
innovative fuel combustion techniques for control of each such pollutant.
In no event shall application of best available control technology result
in emissions of any pollutants which will exceed the emissions allowed by
any applicable standard established pursuant to Section 111 or 112 of this
Act."

Although standards of performance are normally structured in terms
of numerical emission 1imits where feasible, alternative approaches are
sometimes necessary. In some cases physical measurement of emissions from
a new source may be impractical or exorbitantly expensive. Section 111(h)
provides that the Administrator may promulgate a design or equipment
standard in those cases where it is not feasible to prescribe or enforce a
standard of performance. For example, emissions of hydrocarbons from
storage vessels for petroleum liquids are greatest during tank filling.
The nature of the emissions, high concentrations for short periods during
f111ing, and low concentrations for longer periods during storage, and the
configuration of storage tanks make direct emission measurement
impractical. Therefore, a more practical approach to standards of
performance for storage vessels has been equ1pmentnspec1f1cat1on.

In addition, Section 111(h) authorizes the Administrator to grant
waivers of compliance to permit a source to use innovative continuous
emission control technology. In order to grant the waiver, the
Administrator must find: (1) a substantial 1ikelihood that the technology
will produce greater emission reductions than the standards require, or an

equivalent reduction at lower economic, energy or environmental cost;
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(2) the proposed system has not been adequately demonstrated; (3) the
technology will not cause or contribute to an unreasonable risk to public
health, welfare or safety; (4) the governor of the State where the source
is located consents; and that, (5) the waiver will not prevent the
attainment or maintenance of any ambient standard. A waiver may have
conditions attached to assure the source will not prevent attainment of
any NAAQS. Any such condition will have the force of a performance
standard. Finally, waivers have definite end dates and may be terminated
earlier if the conditions are not met or if the system fails to perform as
expected. In such a case, the source may be given up to 3 years to meet
the standards, with a mandatory progress schedule.

2.2 SELECTION OF CATEGORIES OF STATIONARY SOURCES

Section 111 of the Act directs the Administrator to 1ist éategories
of stationary sources which have not been listed before. The
Administrator, ". . . shall include a category of sources in such list if
in his judgment it causes, or contributes significantly to, air pollution
which may reasonably be anticipated to endanger public health or
welfare.” Proposal and promulgation of standards of performance are to
follow while adhering to the schedule referred to earlier.

Since passage of the Clean Air Amendments of 1970, considerable
attention has been given to the development of a syéfem for assigning
priorities to various source categories. The approach specifies areas of
interest by considering the broad strategy of the Agency for implementing
the Clean Air Act. Often, these "areas" are actually pollutants which are
emitted by stationary sources. Source categories which emit these
pollutants were then evaluated and ranked by a process involving such

factors as: (1) the level of emission control (if any) already required by
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State regulations; (2) estimated levels of control that might be required
from standards of performance for the source category; (3) projections of
growth and replacement of existing facilities for the source category; and
(4) the estimated incremental amount of air pollution that could be
prevented, in a preselected future year, by standards of performance for
the source category. Sources for which new source performance standards
were promulgated or are under development during 1977 or earlier, were
selected on these criteria.

The Act amendments of August 1977, establish specific criteria to
be used in determining priorities for all source categories not yet listed
by EPA. These are:

1. The quality of air pollutant emissions which each such category

will emit, or will be designed to emit;

2. The extent to which each such pollutant may reasonably be

anticipated to endanger public health or welfare; and

3. The mobility and competitive nature of each such category of

sources and the consequent need for nationally applicable new
source standards of performance.

In some cases, it may not be feasible to immediately develop a
standard for a source category with a high priority. This might happen
when a program of research is needed to develop control techniques or
because techniques for sampling and measuring emissions may require
refinement. In the developing of standards, differences in the time
required to complete the necessary investigation for different source
categories must also be considered. For example, substantially more time
may be necessary if numerous pollutants must be investigated from a single

source category. Further, even late in the development process, the
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schedule for completion of a standard may change. For example, inability
to obtain emission data from well controlled sources in time to pursue the
development process in a systematic fashion may force a change in
scheduling. Nevertheless, priority ranking is, and will continue to be,
used to establish the order in which projects are initiated and resources
assigned.

After the source category has been chosen, determining the types of
facilities within the source category to which the standard will apply
must be decided. A source category may have several facilities that cause
air pollution, and emissions from some of these facilities may be
insignificant or very expensive to control. Economic studies of the
source category and of applicable control technology may show that air
pollution control is better served by applying standards to the more
severe pollution sources. For this reason, and because there be no
adequately demonstrated system for controlling emissions from certain
facilities, standards often do not apply to all facilities at a source.
For the same reasons, the standards may not apply to all air pollutants
emitted. Thus, although a source category may be selected to be covered
by a standard of performance, not all pollutants or facilities within that
source category may be covered by the standards.

2.3 PROCEDURE FOR DEVELOPMENT OF STANDARDS OF PERFORMANCE

Standards of performance must: (1) realistically reflect best

demonstrated control practice; (2) adequately consider the cost, and the
nonair quality health and environmental impacts and energy requirements of

such control; (3) be applicable to existing sources that are modified or
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reconstructed as well as new installations; and (4) meet these conditions
for all variations of operating conditions being considered anywhere in
the country.

The objective of a program for development of standards is to
identify the best technological system of continuous emission reduction
which has been adequately demonstrated. The legislative history of
Section 111 and various court decisions make clear that the
Administrator's judgment of what is adequately demonstrated is not limited
to systems that are in actual routine use. The search may include a
technical assessment of control systems which have been adequately
demonstrated but for which there is limited operational experience. In
most cases, determination of the ". . . degree of emission reduction
achievable ..." {s based on results of tests of emissions from well
controlled existing sources. At times, this has required the
investigation and measurement of emissions from control systems found in
other industrialized countries that have developed more effective systems
of coentrol than those available in the United States.

Since the best demonstrated systems of emission reduction may not
be in widespread use, the data base upon which standards are developed may
be somewhat limited. Test data on existing well controlled sources are
obvicus starting points in developing emission 1im{ts for new sources.
However, since the control of existing sources generally represents
retrofit technology or was originally designed to meet an existing State
or local regulation, new sources may be able to meet more stringent
emission standards. Accordingly, other information must be considered
before a judgment can be made as to the level at which the emission

standard should be set.
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A process for the development of a standard has evolved which takes

into account the following considerations:

1.

2'

Emissions from existing well controlled sources as measured
Data on emissions from such sources are assessed with
consideration of such factors as: (a) how representative the
tested source is in regard to feedstock, bperation, size, age,
etc.; (b) age and maintenance of the control equipment tested;
(c) design uncertainties of control equipment being considered;
and (d) the degree of uncertainty that new sources will be able
to achieve similar levels of control,

Information from pilot and prototype installations, guarantees
by vendors of control equipment, unconstructed but contracted
projects, foreign technology, and published literature are also
considered during the standard development process. This is
especially important for sources where "emerging" technology
appears to be a significant alternative.

Where possible, standards are developed which permit the use of
more than one control technique or licensed process.

Where possible, standards are developed to encourage or permit
the use of process modifications or new processes as a method
of control rather than "add-on" systems of air pollution

control.

In appropriate cases, standards are developed to permit the use
of systems capable of controlling more than one pollutant. As

an example, a scrubber can remove both gaseous and particulate

emissions, but an electrostatic precipitator is specific to

particulate matter.
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7. Where appropriate, standards for visible emissions are
developed in conjunction with concentration/mass emission
standards. The opacity standard is established at a level that
will require proper operation and maintenance of the emission
control system installed to meet the concentration/mass
standard on a day-to-day basis. In some cases, however, it is
not possible to develop concentration/mass standards, such as
with fugitive sources of emissions. In these cases, only
opacity standards may be developed to limit emissions.

2.4 CONSIDERATION OF COSTS

Section 317 of the Act requires, among other things, an economic
impact assessment with respect to any standard of performance established
under Section 111 of the Act. The assessment is required to contain an
analysis of:

(1) the costs of compliance with the regulation and standard
including the extent to which the cost of compliance varies
depending on the effective date of the standard or regulation
and the development of less expensive or more efficient methods
of compliance;

(2) the potential inflationary recessionary effects of the standard
or regulation; |

(3) the effects on competition of the standard or regulation with

respect to small business;
(4) the effects of the standard or regulation on consumer cost, and,

(5) the effects of the standard or regulation on energy use.
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Section 317 requires that the economic impact assessment be as
extensive as practicable, taking into account the time and resources
available to EPA.

The economic impact of a proposed standard upon an industry is
usually addressed both in absolute terms and by comparison with the
control costs that would be incurred as a result of compliance with
typical existing State control regulations. An incremental approach is
taken since both new and existing plants would be required to comply with
State regulations in the absence of a Federal standard of performance.
This approach requires a detailed analysis of the impact upon the industry
resulting from the cost differential that exists between a standard of
performance and the typical State standard.

The costs for control of air pollutants are not the only costs
considered, Total environmental costs for control of water pollutants as
well as air pollutants are analyzed wherever pbss1b1e.

A thorough study of the profitability and price-setting mechanisms -
of the industry is essential to the analysis so that an accurate estimate
of potential adverse economic impacts can be made. It is also essential
to know the capital requirements placed on plants in the absence of
Federal standards of performance so that the additional capital
requirements necessitated by these standards can bé placed in the proper

perspective, Finally, it is necessary to recognize any constraints on

capital availability within an industry, as this factor also influences
the ability of new plants to generate the capital required for
installation of additional control equipment needed to meet the standards

of performance, .
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2.5 CONSIDERATION OF ENVIRONMENTAL IMPACTS

Section 102(2)(C) of the National Environmental Policy Act (NEPA)
of 1969 requires Federal agencies to prepare detailed environmental impact
statements on proposals for legislation and other major Federal actions
significantly affecting the quality of the human environment. The
objective of NEPA is to build into the decision-making process of Federal
agencies a careful consideration of all environmental aspects of proposed
actions.

In a number of legal challenges to standards of performance for
various industries, the Federal Courts of Appeals have held that
environmental impact statements need not be prepared by the Agency for
proposed actions under Section 111 of the Clean Air Act. Essentially, the
Federal Courts of Appeals have determined that ". . . the best system of
emission reduction, . . . require(s) the Administrator to take into
account counter-productive environmental effects of a proposed standard,
as well as economic costs to the industry . . ." On this basis,
therefore, the Courts ". . . established a narrow exemption from NEPA for
EPA determination under Section 111."

In addition to these judicial determinations, the Energy Supply and
Environmental Coordination Act (ESECA) of 1974 (PL-93-319) specifically
exempted proposed actions under the Clean Air Act from NEPA requirements.
According to Section 7(c)(1l), "No action taken under the Clean Air Act
shall be deemed a major Federal action significantly affecting the quality
of the human environment within the meaning of the National Environmental

Policy Act of 1969."
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The Agency has concluded, however, that the preparation of
environmental impact statements could have beneficial effects on certain
regulatory actions. Consequently, while not legally required to do so by
Section 102(2)(C) of NEPA, environmental impact statements will be
prepared for various regulatory aétions, including standards of
performance developed under Section 111 of the Act. This voluntary
preparation of environmental impact statements, however, in no way legally
subjects the Agency to NEPA requirements.

To implement this policy, a separate section is incuded in this
document which is devoted solely to an analysis of the potential
environmental impacts associated with the proposed standards. Both
adverse and beneficial impacts in such areas as air and water pollution,
increased solid waste disposal, and increased energy consumption are
identified and discussed.

2.6 IMPACT ON EXISTING SOURCES
Section 111 of the Act defines a new source as ". . . any
stationary source, the construction or modification of which is commenced
." after the proposed standards are published. An existing source
becomes a new source if the source is modified or is reconstructed. Both
modification and reconstruction are defined in amendments to the general
provisions of Subpart A of 40 CFR Part 60 which were promulgated in the
Federal Register on December 16, 1975 (40 FR 58416). Any physical or

operational change to an existing facility which results in an increase in
the emission rate of any pollutant for which a standard applies is
considered a modification. Reconstruction, on the other hand, means the
replacement of components of an existing facility to the extent that the

fixed capital cost exceeds 50 percent of the cost of constructing a
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comparable entirely new source and that it be technically and economically
feasible to meet the applicable standards. In such cases, reconstruction
is equivalent to new construction.

Promulgation of a standard of performance requires States to
establish standards of performance for existing sources in the same
industry under Section 111(d) of the Act if the standard for new sources
limits emissions of a designated pollutant (i.e., a pollutant for which
air quality criteria have not been issued under Section 108 or which has
not been listed as a hazardous pollutant under Section 112). If a State
does not act, EPA must establish such standards. General provisions
outlining procedures for control of existing sources under Section 111(d)
were promulgated on November 17, 1975, as Subpart‘B of 40 CFR Part 60
(40 FR 53340).

2.7 REVISION OF STANDARDS OF PERFORMANCE

Congress was aware that the level of air pollution control
achievable by any industry may improve with technological advances.
Accordingly, Section 111 of the act provides that the Administrator ". . .
shall, at least every 4 years, review and, if appropriate, revise . . ."
the standards. Revisions are made to assure that the standards continue
to reflect the best systems that become avai1ab1e in the future. Such
revisions will not be retroactive but will apply to stationary sources

constructed or modified after the proposal of the revised standards.
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CHAPTER 3

THE STATIONARY RECIPROCATING INTERNAL COMBUSTION
ENGINE PROCESS AND INDUSTRY

3,1  GENERAL

Stationary reciprocating internal combustion (IC) engines operate on
the same principles as the common automobile or truck engine, They can be
installed almost anywhere, since they can be instrumented for remote
operation, can use gasoline, diesel fuel, natural gas, sewage gas, and
certain mixtures of these fuels, and require relatively 1ittle water.
Engines are manufactured in sizes ranging from less than 1 hp to nearly
50,000 hp, although the largest one built in the United States is 13,500 hp.
Installations characteristically have a low physical profile (low buildings,
short stacks, 1ittle visible emissions, and quiet operation when properly
muffled), at least when installed as single units. They are often located
in, or adjacent to, large urban centers, where power demands are greatest
and pollution problems are often the most severe,

IC engines are being used in a multitude of applications because of
their short construction time, ease of installation, and remote operation
capability with a variety of fuels over a large range of speeds and loads.
These applications range from driving large municipal electrical generators
to powering small air compressors and welders. Further details about the

manufacturers and users of IC engines are presented in the following

subsections.
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3.1.1 Engine Manufacturers

Approximately 40 firms manufacture IC engines for stationary
applications in the United States, and many others produce forgings, fuel
systems, turbochargers, heat exchangers, and related components. In
addition, many Original Equipment Manufacturers (OEM's) purchase engines to
incorporate into such final products as trucks, tractors, compressors,
welders, pumps, generator sets, and other machinery. These OEM's are
significant customers for some manufacturers, particularly those who make
truck and tractor engines. One such manufacturer has stated that he sells to
about 400 OEM's, whereas another claims his company deals with 40(1). In
addition, several of the manufacturers of small- and medium-sized engines sell
their product to dealers and distributors, who, in turn, sell them to the end
users., Therefore, the manufacturing companies have 1ittle knowledge or
control over the end-use of their engines. To further complicate the
situation, some engine manufacturers are themselves OEM's; they buy engines
from other manufacturers in size ranges that they do not produce, and then
mate these purchased engines with their own compressors, generators, etc,

For the purposes of this discussion, manufacturers of IC engines can
be categorized into four major groups: (1) firms manufacturing large-bore
(greater than 8 inches), low- and medium-speed (less than 1200 rpm) engines;
(2) firms manufacturing principally small-bore (less than 6-1/2 inches),
medium-power, high-speed engines (greater than 1200 rpm); (3) firms
manufacturing low-power (less than 100 hp), high-speed engines and generator
sets; and (4) firms which manufacture small (Tess than 20 hp) one-cylinder,
air-cooled gasoline engines principally used for lawn and garden equipment.

Table 3-1(2) shows these firms in their respective categories. Although

there is some overlap in power ratings offered by members of the first three
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IC ENGINE MANUFACTURERS(2)

TABLE 3-1.
Bore a Power Cylinder Speed
Manufacturer : CID/cyl Range, Power, Range,
inches hp hp/eyl rpm
Large Bore Engines
Alco 9 666 1000 - 4400 175 - 250 400-1200
Colt 8-16 1037-3526 850 - 9400 175 - 500 500-900
Cooper-Bessemer 13 - 20 2155-6283 900 - 13500 360 - 675 250-600
ElectroMotive Div (GM) 9 645 800 - 3600 100 - 180 900
Enterprise 13- 17 1200-4770 1600 - 13500 280 - 680 400-600
Dresser-Clark 17 - 19 3860-5100 1000 - 10000 200 - 500 300-330
Ingersoll-Rand 11 -17 1350-4993 1000 - 5500 125 - 330 300-5580
worthingtonC 14 - 16 2972-4021 2300 - 8600 125 - 330 300-500
White Superior 8- 14 510-825 400 - 2650 75 - 150 900-1000
Medium Bore Engines
All1s~Chalmers 3-1/2 - 6 43-169 29 - 850 10 - 70 1200-2600
Case 3-3/4 - 4-1/8 47-84 50 - 125 12 - 30 1200-2200
Caterpillar 4-1/2 - 6-1/4 79-246 85 - 1000 21 - 63 1200-2400
Chevrolet-0ldsmobile (GM) 3-7/8 - 4-1/4 26-57 50 - 215 - 13 - 27 3600-4000
Chrysler 3-1/4 - 4-1/4 28-52 43 - 175 12 - 30 1200-4000
Cooper-Penjaxd 5«15 128-2827 15 - 300 15 - 150 200-900
Cummins 4-1/2 - 6-1/4 63-192 120 - 1200 20 - 100 1200-2100
Detroit Diesel 3-7/8 - 5-3/4 53-149 50 - 1100 20 - 68 1800-2500
Ford 4-1/8 - 4-1/2 26-67 38 - 200 9 - 22 2500-4600
International Harvester 3-7/8 - 5-3/8 39-736 16 - 325 9 - 50 1800-3000
John Deare 4 - 4.3/4 55-89 44 - 180 15 - 30 1500-2500
Minneapolis-Moline 4-1/4 - 5-5/16 71-133 90 - 180 15 - 29 1800
Murphy 5-1/2 - 6-3/8 142-207 110 - 520 30 - 60 1200-1800
Sterling 3 - 5-1/2 16-166 16 - 152 8-20 1200-1800
Stewart and Stevenson 3-7/8 - 4-3/4 53-149 30 - 1100 20 - 68 1200-1800
Teledyne Continental 3-7/8 28-41 50 - 80 12 - 14 2000-2400
Waukesha® 3-5/8 - 9-3/8 38-586 .52 - 1550 8- 10 1000-1800
White Engines (Hercules) 3-3/4 - 4-1/2 35-80 34 - 130 12 - 26 2400-2800

T-660

8Cubic inch displacement per cylinder
PHorsepower s for rated conditions (continuous operation) @ 130°F intercooler water temperature for
1arge bore engines and 85°F inlet air temperature for medium-bore engines.
Horthington ceased producing engines during the writing of this report.

d

This manufacturer produces high power one- and two-cylinder engines.
The manufacturer straddles the medium- to large-bore categories, however, the majority of engine

production {s in the medium-bore category.



TABLE 3-1. Concluded
Manufacturer Bore, CI0/ey1? é?ﬁgzl c%liﬁﬁfr é?ﬁ??ﬂ

{nches hp hp/eyl rpm

Small Engines and Generator Sets

Kohler —_ 3-3/4 - 28 3-7 2000-2700
Onan 3-1/4 8 - 30 §-8  [1800-3900
Teledyne Wisconsin 2-3/4 - 4-1/8 3-1/2 - 80 3-1/2 - 20  {2400-3600

Wills Industries — 1 - 28 1 - 14 3000
Witte ] 41/4 -5 9 - 27 9 - 14 800-1800

Very Small Engines

Briggs and Stratton 2-3/8 - 3-9/16 2-16 2-16 3100-4000
Chrysler 2 - 2-1/4 3-1/4 - 8 3-1/4 - 8 5500-7000
Clinton 2-1/2 - 2-3/8 4 -7 4-7 4600-5800

Homel1te 1-7/16 = 2-3/4 2-4 2-4 —

Jacobsen 2-1/8 3 3 3600

Qutboard Marine Corp. 2-3/8 <10 — —

{Lawn Boy)

McCulloch 1-3/8 - 2=1/4 <20 — —_—
O4R 1-1/8 = 1-17/32 1 - 2-1/4 1 -« 2-1/26300-7200
Tecumseh 2-3/8 - 3-1/2 2-1/2 - 16 2-1/2 = 16  |2500-3600

2
b

Cubic inch displacement per cylinder
Horsepower {s for rated conditions (continuous operation) @ 130°F intercocler water temperature for

large-bore engines and 85°F inlet air temperature for medium-bore engines.
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groups (Figgre 3-1), the differences tend to be more distinct when viewed on
a power-per-cylinder, d}sp1acement-per-cy]inder, or bore basis (Figures 3-2,
3-3, and 3-4). The latter two show the clearest division between medium- and
high-power engines, with only Waukesha and Cooper-Penjax straddling the two
categories. More significant, however, is the fact that the market
interactions between firms in the different groups are of far less importance
than the interactions within the groups. Thus, the stationary IC engine
industry is in many ways four industries, each with its own markets and
problems.

Any IC engine can be adapted for use in stationary applications (for
example, automotive engines are easily adapted for irrigation pumps). Thus,
any engine manufacturer is a potential source of stationary engines.
However, the following discussion will concentrate only on those
manufacturers who market engines specifically for stationary applications.

A11 but three of the manufacturers are divisions or subsidiaries of
large, diversified corporations with stationary engine sales accounting for
a small part of total corporate revenue.l/ Total sales of stationary
engines are in the range of $300 million to $400 million per year. Since
most firms manufacture engines for nonstationary as well as stationary
applications, it is difficult to determine employment directly attributable
to stationary engines. Assuming, however, that the percentage of employment
at a plant attributable to stationary engines is equal to the percentage of

sales attributable to stationary engines, it is estimated that between 15,000

pp—t

l/The discussion in this paragraph excludes manufacturers of engines
under 20 hp. Their annual sales are also in the range of $300 million
to $500 million.
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and 30,000 people are employed directly in the manufacture of stationary

engines.

3.1.1.1 Large-Bore, High-Power, Low- and Medium-Speed Engines

Most of the large-bore, high-power (>100 hp/cylinder) engines
manufactured are four-cycle, compression-ignition engines designed to operate
on either diesel oil or a mixture of o0il and natural gas (dual fuel). The
remainder of the engines are spark-ignited natural gas engines, about equally
distributed between two- and four-cycle varieties. Some engines are built to
operate as either spark-ignited or compression-ignited (dual fuel or o0il) and
can easily be switched in the field in response t? fuel availability.
Productioh of large-bore engines for stationary applications is currently in
the range of 1000 to 2000 units/year with a total productioﬂ value of $80
million to $150 million. Sales have been largely constant over the last 5
years, with some firms showing a slight growth and others, particularly those
manufacturing gas engines, having declining sales. These ménufacturers
expect sales to grow at an annual rate of 5 to 10 percent, on a total
horsepower basis, for the next 5 years as demand increases ﬁor engines for
nuclear standby and natural gas pipelines (see Section 7.1.2)., Between 5000
and 6000 people are employed in the manufacture of stationary high-power
engines.

As Figure 3-1 indicates, there is a region of overlap between the
power ranges offered by the manufacturers of large- and medium-bore engines.
There are basic differences, however, which separate the two groups. Large-
bore engines produce high-power output at low speeds due to their large
displacement and consequent high power per cylinder. Smaller bore engines,

in contrast, have lower power per cylinder (and therefore more cylinders for
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the same engine horsepower) and achieve high outputs by utilizing high
rotative speeds. Thus, for the same power rating, high-speed engines are
smaller, less expensive, and capable of running at a wider range of speeds,
Low-speed, large-bore engines, on the other hand, are more economical to
operate continuously because of lower fuel consumption and longer lifetimes.
For these reasons, high-speed engines tend to find different applications
(see below) than low-speed engines of the same power, and there is little

competition between firms in these two groups.

3.1.1.2 Medium-Power, High-Speed Engines

The firms manufacturing medium-size, high-speed engines (110 to 100
hp/cylinder and greater than 1000 rpm) vary greatly in size, employing from
less than 200 to more than 10,000 people in engine manufacturing. Although
four firms, Cummins, Caterpillar, Detroit Diesel Allison Division of General
Motors, and Ford, dominate diesel engine production (with annual sales of
60,000 to 120,000 units each), they concentrate their sales in the truck,
tractor, construction, and material handling markets{3). Ford, General
Motors, and International Harvester also manufacture significant quantities
of gasoline-fueled truck and tractor engines. Therefore, most of the
stationary engines produced by these manufacturers are mobile engines
modified for stationary installation and constant speed operation. Three
additional firms, International Harvester, Waukesha, and Teledyne
Continental, each sell about as many engines for stationary applications
(5000 to 15,000 per year) as do the four larger companies(4,5,6). The
remaining manufacturers in this group are smaller.

Medium-power engines are predominantly gasoline- and diesel-fueled;

natural gas engines are less important. Because of the wide range of
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power offered, fromISO to 1500 hp, these engines are used in a wide variety
of miscellaneous industrial, commercial, nonpropulsive marine, and
agricultural applications where shaft power is needed and electricity is
either unavailable or inappropriate (see Chapter 3.1.2).
Although precise production data are unavailable, we estimate that |
sales of diesel medium-power, high-speed engines for stationary applications o
have been in the range of 60,000 to 80,000 units/year over the past 6 years
with a total value of $150 to $200 million per year (FOB plant), and annual
sales for gasoline medium-power, high-speed engines have been approximately
100,000 with a total value of $50 million (FOB plant). Sales of these
engines have been erratic from one year to the next, but the general trend
seems to be upward. The industry expected this growth to continue at about

the same range as the economy (that is, at 3 to 5 percent per year) before the

recent downturn and concomitant economic uncertainties(7.8)-

3.1,1,3 Small Engines -

Five firms are classified as manufacturers of small engines and
generator sets., These manufacturers are distinguished from the previously
discussed manufacturers in that they produce mostly one- and two-cylinder
engines of less than 50 horsepower. Although there is some overlap between
the power ranges offered by the manufacturers of medium-power, high-speed
engines and those of small engines, most of the eﬁgines sold by the former
group are larger than 50 horsepower.

The engines produced by the five manufacturers in this group are
mostly diesel and gasoline, one- and two-cylinder models. The firms also
produce some four-cylinder models. A1l have four strokes per power cycle,

and four of the firms produce air-cooled engines. Onan, Kohler, and Wills

3-12



produce mainly engine-generator sets -- small, sehﬁportab]e integral engines
and generators that are used to provide electrical power in remote locations.
Other applications for the engines include power for small pumps and blowers
and off-the-road vehicles. A particularly important application for some
manufacturers is refrigeration compressors for trucks and rajlroad cars, and
hydraulic pumps for tractor-trailer dump trucks and trash compactors. Sales
of small engines are in the range of $75 to $100 million per year, and

employment is approximately 4000 to 6000.

3.1.1.4 Very Small Engine Manufacturers

In addition to the manufacturers discussed above, there are at least
10 firms which produce one-cylinder, air-cooled gasoline engines rated at less
than 20 hp. These firms sell about 12.5 mi11ion engines per year (1973) with
a total product value of $400 million(9), Therefore, the unit wholesale cost
of each engine is about $30. These engines are used primarily for lawn and
garden equipment and chain saws, and to a lesser degree for recreational
vehicles, such as snowmobiles and small all-terrain vehicles, The dollar
sales of these engines constitutes 60 percent of the value of all gasoline
engines (except -automotive, outboard, truck, bus, tank, and aircraft) and is
approximately equal to the dollar sales of all other stationary engines

(estimated at $300 mi17fon to $400 million annually, as mentioned above).

3.1.2 Engine Users

On the basis of installed horsepower, the principal stationary
applications of IC engines are the following: oi1 and gas pipelines, oil and
gas production, general industrial (including construction), electrical power

generation, and agriculture, Table 3-2(10-32) shows estimated IC engine

applications and usage patterns by fuel,
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Pipeline installations are concentrated in the oil and gas producing
states on the Gulf Coast and in the Midwest as shown in Figure 3-5(a)(33).
Electric generation includes base load generation, principally for municipalities
in the plains and Midwest, emergency standby for vital public services and
large buildings in urban areas, and remote generation (for mines and homes)
in rural areas. Agriculture applications are primarily irrigation pumping,
concentrated in those areas with irrigated farm lands, as shown in Figure
3-5(b)(34). Additional agricultural applications include frost control, harvesting .
(auxiliary engines), and some remote electric generation. Construction app]ications\:
include portable compressors, welders, pumps, electric generation, and material
handling equipment.

For applications other than electric power generation, IC engines
often compete with electric motors. Engines involve a higher initial
investment but have an advantage in locations where gas and fuel oil are less
expensive than electricity, such as remote or temporary construction sites.
Thus, engines tend to be concentrated in areas where‘electric power
generation and transmission costs are high, as in the mountain and prairie
states, or where fuel costs are low, as in the gas-producing areas along the

Gulf Coast.

3.2 PROCESSING AND THEIR EMISSIONS
3.2.1 Fundamental Description of IC Enginesg/

Reciprocating internal combustion engines produce shaft power by
confining a combustible mixture in a small volume between the head of a
piston and its surrounding cylinder, causing this mixture to burn, and

2/

= Much of the materiel in this section is drawn from References 35 and 36.
These books describe the operation of IC engines in considerable detail.
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allowing the resulting high-pressure products of combustion gases to push the
piston. Power is converted from linear to rotary form by means of a
crankshaft,

There are two methods of igniting the fuel and air mixture. In
compression ignition (CI) engines, air is compression heated in the cylinder,
and diesel fuel is then injected into the hot air. Ignition is spontaneous.
A different approach, however, is used for gasoline or gas-fueled engines
where combustion is initiated by the spark of an electrical discharge.
Therefore, these units are spark ignition (SI) engines. Usually the fueT is
mixed with the air in a carburetor (for gasoline) or at the intake valve (for
natural gas), but occasionally the fuel is injected into the compressed air
in the cylinder. Although all diesel-fueled engines are compression ignited
and all gasoline and gas-fueled engines are spark ignited, gas can be used in
a compression ignition engine if a small amount of diesel fuel is injected
intc the comp}essed gas-air mixture to initiate burning. Such "dual fuel®
engines are usually designed to burn any mixture ratio of gas and diesel oil,
from 6- to 100-percent o0i1 (based on heating value).

CI engines can operate at a higher compression ratio (ratio of
cylinder volume when the piston is at the bottom of its stroke to volume when
it is at the top) than SI engines because fuel is not present during
compression and hence there is no danger of premature auto-ignition. Since
the thermal efficiency of an engine increases with increasing pressure ratio
(and pressure ratio varies directly with compression ratio), CI engines are
more efficient than SI ones. This increased efficiency is gained at the
expense of poorer acceleration and a heavier structure to withstand the

higher pressures.
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In addition, engines may be described by the number of strokes per
cycle (two or four) and the method of introducing air and fuel into the
cylinder.

In the four-stroke cycle, the sequence of events may be summarized as
follows (see Figure 3-6)(37):

1. Intake stroke -- suction of the air or air and fuel mixture into

the cylinder by the downward motion of the piston

2. Compression stroke -- compression of the air or air and fuel

mixture, thereby raising its temperature

3. Ignition and power (expansion) stroke -- combustion and consequent

downward movement of the piston with energy transfer to the
crankshaft

4. Exhaust stroke -- expulsion of the exhaust gases from the‘cy11nder

by the upward movement of the piston
This description applies to a naturally aspirated engine, which utilizes the
vacuum created behind the moving piston to suck in the fresh air charge.
However, many engines now pressurize the air cylinder. This may be done with
either a turbocharger or a supercharger. The turbocharger is powered by a
turbine that 1s driven by the energy in the relatively hot exhaust gases,
while a supercharger is driven off the engine crankshaft., Air pressurization
is used to increase the power density, or power output per unit weight (or
volume) of the engine. Since the density of air increases with pressure, the
mass of air that can be introduced into the cylinder increases with pressure.
Furthermore, since the a1r-to-fu51 ratio at maximum power is fixed by
combustion requirements, more fuel can be introduced into the cylinder with
high pressure air than with atmospheric pressure air; hence, more power can

be obtained from a given cylinder configuration. As the air pressure is
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Figure 3-6. The four-stroke, spark-ignition (SI) cycle. Four strokes of
180° of crankshaft rotation each, or 720° of crankshaft rota-
tion per cycle(37).
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increased, its temperature is also raised. Therefore, the pressurized air is
often cooled before entering the cylinder to further increase power. This
process is called intercooling or aftercooling. In fact, all high power
turbocharged natural gas-fueled engines are intercooled to prevent premature
auto-ignition of the fuel and air mixture(38).

In a CI engine, fuel is injected into the cylinder near the end of the
compression stroke; whereas, in an SI engine, the fuel 1is usually added to the
air, downstream of the turbocharger if any is used, before the mixture enters
the cylinder. In some SI engines (particularly large natural gas-fueled
ones), the fuel is injected into the intake manifold just ahead of the
valves. For CI engines or SI engines using fuel injection instead of
carburetors, the fuel or fuel-air mixture can be introduced by "direct
injection" into the cylinder head and communicates with the principal
combustion volume. Direct injection units are also called open chamber
engines because combustion takes place in the open volume between the top of
the piston and the cylinder. This design contrasts with indirect injection
engines, where the combustion begins in a fuel-rich (oxygen deficient)
atmosphere in the smaller antechamber and then expands into the cooler,
excess air region of the main chamber. These latter engines are also called
divided or precombustion chamber systems (swirl chamber if the small
antechamber is specially designed to promote swirl -- see Section 4.4.8).
Prechamber designs can be used in carbureted engines as well, but they have
not yet been applied to engines built exclusively for stationary
applications.

There are three major advantages of divided chamber engines: less
sensitive to fuel variations; lower stresses on the mechanical parts, sqch as

connecting rods, crankshaft, etc., because of a lower pressure rise rate
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during combustion; and lower NOx production. A1l three of these benefits are
a result of incomplete primary combustion with an oxygen deficiency.
Therefore, by comparison with open chamber designs, combustion is less
sensitive to fuel droplet spray patterns, the complete combustion process
takes longer, and less oxygen is available to combine with nitrogen in the
initial high-temperature reaction. These benefits are attained at the expense
of up to 30 percent greater heat rejection (due to the surface area added by
the antechamber) and consequent 5- to 8-percent fuel penalty(39,40).

In a two-stroke design, the power cycle is completed in one revolution
of the crankshaft as compared to two revolutions for the four-stroke cycle
(see Figure 3-7). As the piston moves to the top of the cylinder, air, or an
air and fuel mixture, is compressed for ignition. Following ignition and
combustion the piston delivers power as it moves down. Eventually it uncovers
the exhaust ports (or exhaust valves open). As the piston begins the next
cycle, exhaust gas continues to be purged from the cylinder, partially by the
upward motion of the piston and partially by the scavenging action of the
incoming fresh air. Finally, all ports are covered (and/or valves closed),
and the fresh charge of air or air and fuel is compressed,

Air charging in two-stroke designs is often accomplished by means of
a low-pressure blower, which also aids in purging the exhaust gases; such
systems are called blower-scavenged, Naturally aspirated and turbocharged
(or supercharged) systems are also common.

The main advantage of two-stroke engines is their horsepower-to-weight
ratio as compared to four-stroke prime movers when both operate at the same
speed. This is, of course, due to the fact that the two-stroke design has

twice as many power strokes per unit time as the four-stroke. In addition,

if ports are used instead of valves, the mechanical design of the engine is
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simplified. However, combustion cannot be controlled as well, and excess air
is needed to purge the cylinder. Therefore, these engines tend to be
slightly less efficient, and uncontrolled models tend to emit slightly more
pollutants (primarily unburned hydrocarbons), than do their four-stroke

counterparts(4l),

3.2.2 Emission Sources and Types in IC Engines

Most of the pollutants from IC engines are emitted through the
exhaust. However, some hydrocarbons escape from the crankcase as a result of
blowby (gases which are vented from the oil pan after they have escaped from
the cylinder past the piston rings) and from the fuel tank and carburetor
because of evaporation.gf Nearly all of the hydrocarbons from diesel
(compression ignition) engines enter the atmosphere from the exhaust(43).
Crankcase blowby is minor (0.18 g/hp-hr HC + NOy, 0.0063 g/hp-hr CO) because
hydrocarbons are not present during compression of the charge(44,45).
Evaporative losses are insignificant in diesel engines due to the low
volatility of diesel fuels(46). In general, evaporative losses are also
negligible in engines using gaseous fuels because these engines receive their
fuel continously from a pipe rather than via a fuel storage tank and fuel
pump(47) . 1In gasoline-fueled engines, however, 20 to 25 percent of the total
hydrocarbon emissions from uncontrolled engines come from crankcase blowby
and another 10 to 15 percent from evaporation of:the fuel in the storage tank
and the carburetor (divided approximately equally between the two) (48). |

§~/Unt‘i1 recently it was thought that HC evaporative controls on automobile
fuel tanks and carburetors reduced emissions from these sources to about
5 percent of the uncontrolled levels. However, further, more comprehensive
testing has shown that controlled vehicles actually allow HC to be
evapoygﬁﬁd at approximately 70 percent of the rate from uncontrolled
cars .
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However, crankcase blowby emissions can be virtually eliminated through the
simple expedient of the positive crankcase ventilation (PCV) valve.

The primary pollutants from internal combustion engines are oxides of
nitrogen (NOx), hydrocarbons and other organic compounds (HC), carbon
monoxide (CO), and particulates, which include both visible (smoke) and
nonvisible emissions. NOx formation is directly related to high pressures —
and temperatures during the combustion process and to the nitrogen content of
the fuel. The other pollutants, HC, CO, and smoke, are primarily the result
of incomplete combustion. Specific descriptions of these formation
mechanisms in SI and CI engines are discussed in Chapter 4. Ash and metallic
additives in the fuel also contribute to the particulate content of the
exhaust, but usually do not cause the exhaust to be visible. Although the
odor of the exhaust (primarily a problem with diesels) is believed to be the
result of some organic compounds in this exhaust (particularly aldehydes),

a precise relation has not yet been established between exhaust and
odor(49-52). Considerable research has led to the belief that aldehydes may
be one cause of odor in diesel and gasoline exhaust. Aromatic hydrocarbons
and other unburned elements of fuel, as well as sulfur species, may also be
a source of odor(53).

Oxides of sulfur, lead, and other metals also appear in the exhaust
fron IC engines. The sulfur compounds, mainly SOp, are directly related to
the sulfur content of the fuel. Most of the metals are fuel additives and
generally leave the engine as particulates. Lead is commonly added to
gasoline lines as an antiknock agent. However, laed-free gasoline is now
available nationwide, and leaded gasoline may not be marketed in quantity in
the future. Although various metals, particularly barium, are sometimes

added to diesel fuel as a smoke suppressant, their use is not recommended by
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most engine manufacturers because of possible adverse effects on the engines

and on the environment(54,55).

3.2,2,1 Emission Characteristics -- Spark Ignition Engines
Typical uncontrolled emission rates (23-mode composite)(56) for four-

stroke naturally aspirated gasoline engines in g/brake hp-hr are: 2.4 to

13.1 for HC; 30.4 to 89.8 for CO; and 7.9 to 13.9 for NOx(57). Similarly,

brake specific emission rates from all types of spark-ignited gas engines
(two- and four-stroke, naturally aspirated and turbocharged engines) are:
0.4 to 1.9 for HC; 0.2 to 0.6 for CO; and 15.0 to 32.0 for NOy(58).

Hydrocarbon emissions from these engines may be partially burned or
completely unburned. Three general mechanisms are believed to be the cause
of these pollutants(59). The first, wall quenching, arises when fuel
droplets impinge on the cylinder walls and are cooled below the ignition
temperature. Whether the hydrocarbons remain unburned or are partially
oxidized depends upon the wall temperature, the droplet temperature at
impingement, and the combustion intensity nearby. The second source of HC
emission, incomplete combustion, cén be caused by one, or more, of the
following:

a. Change in charge homogeneity

b. Incorrect air-to-fuel ratio (too rich or too lean)

c. Low temperature of the incoming air-fuel mixture

d. Failure of the engine to purge all the products of combustion

e, Defective ignition system

Scavenging, or the displacement of exhaust gases in the cylinder by a
fresh charge of air or air and fuel, is the third mechanism resulting in HC

emissfions. It is especially a factor in carbureted two-cycle engines, where
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part of the intake charge is swept out with the exhaust completely escaping
the combustion process.

Carbon monoxide emissions are also related to incomplete combustion.
C0 is formed during combustion and then normally combines with oxygen atoms
(dissociated oxygen molecules) to form CO2, the final product. This last
reaction can dn1y proceed at a high temperature (above 9000K) (60). Therefore,
if the overall mixture is rich or if sufficient oxygen is not available
during and after combustion, before the products of combustion cool below
9000K, CO will be formed. Thus, both CO and HC are due to improper air-fuel
mixing and improper introduction into the chamber. Their generation is also
a measure of the inefficiency of the combustion process.

NOx formation, on the other hand, increases with increasing combustion
efficiency. Its generation is governed by the pressure, temperature and
oxygen concentration during combustion. Nitrous oxide (NO) is generated in
the cylinder when both the N2 and the 02 molecules dissociate into free atoms
at the high temperature encountered during combustion, and then recombine to
form NO, The reaction rate toward NO increases exponentially with
temperature. Maximum temperatures occur when the air-to-fuel ratio is just
above stoichiometric. NO2 and other NOx compounds form later in the presence
of additional oxygen. NOx emissions are particularly high from gas engines,
which burn fuel with an excess of oxygen. In any engine, as the air-to-fuel
ratio decreases from stoichiometric, NOx formation decreases because of a
lack of excess oxygen. As the air-to-fuel ratio increases from
stoichiometric, NOx formation first increases due to the presence of more
oxygen. Further increases in air flowrate cause a decline in peak combustion

temperature and a cdnsequent decrease in NOx formation (Figure 3-8)(51).
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Visible emissions (smoke) are generally insignificant in gasoline and
gas engines. Particulates, however, may be present, especially as a result
of rich fuel mixtures or impurities in the fuel. On a mass basis, the
majority of particulate emissions from gasoline engine exhausts are now the
result of lead in the fuel(62), When smoke is present, particulate levels
are high, but the converse does not necessarily hold; significant quantities |
of non-Tight-scattering particulates can be emitted in the absence of visible
emissions. The bluish smoke that is sometimes observed, particularly in
older, poorly maintained engines, is caused by incomplete combustion of
crankcase or lubricating oil which is forced past worn piston rings into the

cylinder,

3,2.2,2 Emission Characteristics -- Compression Ignition Engines

As mentioned previously, essentially all the po11utaﬁts from diesel or
dual-fuel engines are emitted through the exhaust (i.e., evaporative and
crankcase ventilation emissions are negligible), Again HC, CO, NOx and
particulate matter are the pollutants of major concern. The formation of
these pollutants is complex and not completely understood. Typical emission
rates (specific) for all types of uncontrolled diesel engines (including
four-stroke, either naturally aspirated or turbocharged and open- or divided-
chamber, and two-stroke, either blower-scavenged or turbocharged) in g/brake
hp-hr are: 0,1 to 2.9 for HC; 0.3 to 14.6 for CO§ and 2.1 to 17.1 for
NOx(63). Unburned and partially burned hydrocarbons are formed in CI engines
by many of the same mechanisms that contribute to their generation in SI
engines, There are, however, two major differences: the fuel injection
system and the combustion chamber design. Fuel is introduced into the

cylinder of a CI engine by a fuel injector, independently of the air, whereas
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a fuel and air mixture generally is allowed to flow into the cylinder of an
SI engine through the intake valve or port. Therefore, the fuel-air mixture
in a CI engine is heterogeneous by design. However, the fuel distribution
within the cylinder can be controlled somewhat by the design of the injector,
and therefore, both wall quenching and large-scale inhomogeneities can be
minimized(64,65). Hence, both the fuel injection system and the combustion
chamber design are major factors which determine the quantity of HC
emitted(66,67).

Since the carbon monoxide results from incomplete combustion in the
absence of sufficient oxygen, and since CI engines are designed to operate
lean (excess air), CO emissions are usually low.

Conditions within the cylinder of a CI engine during combustion favor
the production of NOx because it is formed at high temperatures and
pressures in the presence of oxygen. However, high temperatures and
pressures Jlead to'high thermal efficiency (low fuel consumption) and high
air-to-fuel ratios lead to low smoke, HC, and CO generation(68,69).
Therefore, design compromises are usually required when an attempt is made to

reduce or limit NOx emissions.

Smoke occurs in three forms: white (cold) smoke, blue, and black (hot
smoke)(70). The white smoke consists primarily of unburned liquid fuel or
lubricating of1 and occurs at low load or idle conditions. Blue smoke is
caused by lubrication o0il that leaks into the combustion chamber. Black
smoke consists of carbon particles that result from incomplete combustion at
high temperatures. Incomplete combustion is possible under high loads (low
air-to-fuel ratio) and poor mixing of the fuel-air mixture. Emission rates

of white and blue smoke are usually not measured by manufacturers. They

generally report black smoke emission rates of less than 10-percent opacity
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(1.18 milligrams per cubic foot for a 16-inch diameter stack) for a well

maintained engine(71-73),

3.2,2.3 Effects of Variables on Emissions

Many variables affect emissions from IC engines. Table 3-3(74) 1lists
these variables, divided into three categories. Those 1isted as "Design" are
features that are normally determined by the manufacturer. The "Operation
Adjustment" category represents variables that can be altered by the user,
Since these variables can be adjusted to reduce emissions, they are discussed
in more detail in Chapter 4, Emission Control Techniques. The last column

1ists those variations in ambient air conditions which affect emissions.

3.2,2.3.1 Size

Engine size has a definite effect on emissions. Large-bore, low- to
medium-speed engines, independent of the fuel type (diesel, dual fuel,
natural gas), have certain common emission characteristics. These large-bore
engines are designed for low fuel consumption (i.e,, high thermal
efficiency). Furthermore, their low rotational speed maintains the products
of combustion near peak temperature for relatively long periods of fime.
These slow speeds allow the designer to "tailor" his fuel injection schedule
for optimum results, and the large combustion vo1ﬁmes also give him more
aerodynamic design freedom than is available to the manufacturer of small- or
medium-bore engines(75)., Furthermore, these large engines are designed to
operate under steady conditions and almost always at more than 50 percent of
rated power; therefore, they do not have to contend with acceleration/

deceleration or lTow power requirements(76,77).
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TABLE 3-3. FACTORS THAT AFFECT EMISSIONS FROM RECIPROCATING ENGINES(74)

Design

Operation Adjustment

Ambient Conditions

Surface to volume ratio

Bore and stroke

Valve overlap

Displacement/cylinder

Strokes/power cycle

Chamber design

Compression ratio

Air charging:
Naturally aspirated
Blower scavenged
Turbocharged

Fuel charging:
Direct injection
Indirect injection
Carbureted

Engine cooling

Air-to-fuel ratio

Torque (mean effective
pressure)

Speed

Spark timing

Fuel injection timing
Fuel properties

Lubrication and maintenance

Pressure (altitude)
Temperature

Humidity
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3.2.2,3.2 Load and Air-to-Fuel Ratio

Load and air-to-fuel (A/F) ratio variations have a significant effect
on NOx, CO, HC, and particulate emissions. In general, diesel compression
ignition engines exhibit decreasing brake specific emissions of Nox with
increasing load (i.e., the Tower A/F ratio and higher power output overcome
the potential for increased NOx Production due to higher temperatures)(78).
CO emissions first decrease with increasing load (equivalent to increasing
temperature) and then increase dramatically as maximum load is approached.
Incomplete combustion with the decreasing A/F ratio (increasing load) is
largely responsible for the final trend reversal. Brake specific HC
emissions, likewise, decrease with increasing load as a result of increasing
temperature(79). Small (less than 15 hp) SI engines (gasoline) exhibit
relatively high HC and CO emissions, particularly at Tow load operation(80),

Figure 3-8 illustrated the effect of A/F ratio upon emissions from
spark ignition engines. NOx and CO emissions are very definitely related to
A/F ratios. These trends hold throughout the load range for an SI engine.
Note that an engine whose A/F ratio is adjusted to yield lowest HC and CO
emissions has a maximum NOx emission. An uncontrolled engine that is
adjusted to near-stoichiometric conditions will emit relatively large
quantities of NOxs whereas one that is run either lean or rich will produce
significant quantities of HC and CO (assuming other modifications or control

technologies are not applied to control HC and CO).

3.2.2.3.3 Climate and Location

A1l the effects of variations in climate and geographic location on
emissions are reflected by changes in the pressure, temperature, and humidity

of the ambient air, Pressure and temperature variations alter the density of
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the inlet air charge and, hence, change the air-to-fuel ratio. (The
consequences of changing A/F ratio have just been discussed.) Secondarily,
they change the peak combustion pressure and temperature in proportion to
their variations in the ambient air. Since NOx Production is a strong
function of temperature, variations of the inlet air temperature have a
noticeable effect on NOx emissions. In general, humidity has little effect
upon HC and CO emissions(81,82). NOx emissions, however, are significantly
affected by humidity variations because the water absorbs some of the heat
generated during combustion, thereby reducing the peak combustion
temperature. Although the qualitative effects of varying ambient conditions
of emissions are known, a reliable quantitative relationship exists only for
the effects of humidity on NOx Production from vehicular gasoline and diesel
engines (83,84)., Since these relationships are based on experiments, and
cannot be predicted analytically, they are applicable only to stationary
engines which are similar to vehicular models, Similar relationships have
not yet been developed for high-power, low- and medium-speed engines. Since
the combustion characteristics of these large engines are different than
those of the vehicular size units, there is no a priori justification for

applying the above-mentioned relationship to the larger engines.

3.2,2.3.4 Fuel Effects

Significant variations in the emissions of reactive HC may be due to
the fuels used. As mentioned previously, HC emissions from SI gasoline
engines originate from the fuel system through evaporation, from the exhaust
due to combustion, and from crankcase blowby. In general, fuel evaporation
is proportional to fuel volatility(85)., Effective systems are now used to

control evaporative emissions and crankcase blowby on automobiles. Studies
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have shown that exhaust HC emissions from unleaded fuels have a higher
photochemical reactivity than do those from base leaded fuels, assuming no
catalytic converters are used(86),

Diesel fuels used in CI engines may display some variation in density
and viscosity which, in turn, affects the A/F ratio and fuel spray pattern in
the cylinder. If only a single fuel is used, the engine is "tuned" for it,
but is is unlikely that engines would be "retuned" for each fuel if fuel
types were frequently changed.

Particulate and smoke generation tends to increase with increasing
Cetane number. The relationship between smoke and fuel volatility is unclear

because it is difficult to separate the effects due to volatility changes

from those due to Cetane number(87).

3.2.3 State and Local Regulations

Most states and localities restrict visible emissions from stationary
sources, including reciprocating internal combustion engines, to less than
20-percent opacity and many are now requiring that plumes from new installa-
tions have less than 10-percent capacity(88). These 1limits usually do not
present a problem to the owner who operates and maintains his engine
correctly. However, since many NOy control systems tend to increase smoke,
engines may not be able to meet these opacity limits if very stringent NOx
standards are proposed. "

The only known restrictions on gaseous emissions from reciprocating IC

engines (i.e., excluding gas turbines, which have been specifically regulated
by some localities) are in the Los Angeles area. Several control districts

in this basin 1imit NOx emissions (expressed as NO2) to 140 1b/hr (63.5
kg/hr)(89-91), Typical uncontrolled engines emit 10 to 20 g/hp-hr (see
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Chapter 5). At 15 g/hp-hr these NO, 7imits would prevent a user from buying
an uncontrolled engine that is larger than about 4250 hp (3200 kW). As is
also shown in Chapter 5, emissions from a few large-bore engines can be
brought down to levels as low as 8 g/hp-hr by control techniques that can be
applied in the near term, Such engines could be as large as 7950 hp (6000
kW) and still be allowed to operate in the Los Angeles basin.
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CHAPTER 4
EMISSION CONTROL TECHNIQUES

Stationary reciprocating IC engines emit primarily NOy o, HC, and
particulates (see Section 3.2.2). A1l of these emissions are criteria
pollutants; that is, National Ambient Air Quality Standards (or maximum
allowable ambient concentrations) have been established for these pollutants
under Sections 108 and 109 of the Clean Air Act. .As indicated in Section
9.1, ZPA has placed a high priority on the control of NOx emissions from
stationary sources since these emissions are projected to increase about 25

percent by 1985 despite the application of best available control technology
to new sources. Moreover, NOx is the most significant pollutant emitted from
stationary IC engines, accounting for more than 16 percent of the total NOx
emitted from stationary sources. In addition, as will be shown in Section
9.1, approximately 75 percent of the NOx emissions from installed stationary
reciprocating IC engines (1974) was contributed by units Targer than 500 hp.
This chapter, therefore, emphasizes the control of NOx,» and control
techniques are discussed which have been applied, or can potentially be
applied, to large, stationary IC engines.

This chapter is divided into six sections. The formation of the
pollutants emitted by IC engines is briefly discussed in Section 4.1 to aid
in understanding emissions control. Section 4.2 discusses the effect of

ambient conditions (humidity, temperature, and pressure), and measurement
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practices upon reported emission levels. Specifically, Section 4.2.1
describes how ambient correction factors will be used to adjust reported NOx
data to standard conditions, and Section 4.2.2 discusses and compares the
measurement practices of the manufacturers who reported emission data. The
uncertainty of each stationary IC engine manufacturer's measurement practice
is estimated relative to EPA's proposed approach for 1979 and later model
heavy-duty diesel and gasoline engines. These uncertainties will be used to
place boundaries on estimates of average emissions from engines of the same
fuel type, but different manufacturer.

Section 4.3 presents uncontrolled (baseline) emission levels for large
stationary IC engines. In addition to these data, sales-weighted averages of
uncontrolled NOx levels (by horsepower, excluding standby apptications) will
be presented.

Section 4.4 discusses specific control systems to reduce NOx
emissions. The discussion considers how each control system works: its
effectiveness, resulting fuel penalties, effects on other emissions (HC, CO,
smoke), technical limitations to its application, and cost implications
(fuel, hardware, and maintenance). The emission data are corrected to
standard ambient conditions where possible (see Section 4.2.1).

Finally, control systems for HC and CO emissions are discussed in
Section 4.5, and techniques to reduce visible emissions are reviewed in
Section 4.6, As stated in Section 4.5, there has been little effort by
manufacturers of large-bore engines to reduce emission rates of HC and CO
from their engines, primarily because there are currently no regulations
affecting these emissions and they are already quite low. Moreover, the
application of NOx control systems has, in general, only a small effect on HC

and CO levels (see Section 4.4.12). Furthermore, several manufacturers have
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achieved reductions in HC and CO levels as a consequence of their efforts to
reduce visible emissions and improve the fuel economy of their diesel

engines. These practices are discussed in both Sections 4.5 and 4.6.

4.1 POLLUTANT FORMATION

The combustion of fuel and air in the cylinder of a reciprocating
engine results in the formation of a number of chemical compounds which can
"éaU$e or contribute to the endangerment of public health or welfare" when
emitted to the atmosphere. The ones of most concern fall into the general
categories of nitrogen oxides (NOx), carbon monoxide (CO), sulfur oxides
(SOx), various hydrocarbons and organic compounds (HC), and particulates.
Additionally, smoke and odorous fumes may be produced, chiefly in compression
ignition engines. The following paragraphs discuss the formation of these

pollutants in stationary reciprocating IC engines.

4,1.1 Nitrogen Oxides (NOx)

Virtually all NOy emissions originate as nitric oxide (NO) resulting
from oxidation of nitrogen during the combustion process. Both N2 and 02
dissociate into atomic N and 0, respectively, at the pressures and
temperatures encountered in the cylinder. These atoms combine to form NO,
part of which is then further oxidized in the engine and exhaust system to
form NO2. The remaining NO is exhausted into the étmosphere, where, in the
presence of additional oxygen, it also reacts rapidly to form the more stable
NO2. The NO2 molecules, however, can be dissociated by ultraviolet light
from the sun. Additional reactions involving the ultraviolet lijht from the
sun, nitrogen and hydrocarbon effluents, and atmospheric oxygen produce

polynuclear aromatics and other components of photochemical smog.
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Most of the nitrogen enters the engine as molecular N2 in the air,
since natural gas and the premium distillate fuels generally used in
reciprocating engines contain 1ittle fuel-bound ﬁitrogen. Oxides of nitrogen
that came from N2 in the air are called thermal NOx. However, the heavier
oils, such as residuals and crudes, contain significant quantities of
nitrogen (e.g., up to 1 percent). When these fuels are used, as is
occasionally done in large diesel engines, noticeable amounts of "fuel", or
"organic"; NOx are generated. The degree of oxidation of the nitrogen in the
fuel appears to be primarily a function of its nitrogen content. For gas
turbines, several researchers have found that the fraction of fuel-bound
nitrogen converted to NO decreases with increasing nitrogen content, although
the absolute magnitude of the NO formed increases (1,2). For example, a low
nitrogen fuel (0.01 percent) may have 100 percent of the fuelbound nitrogen
converted to NOx, whereas a high nitrogen fuel (1.0 percent) may have only 40
percent of it reacted to NOx. Consequently, when residual oil is burned in
turbines, more NO is produced from fuel-bound nitrogen than from N2 present
in the air(3).

Similar data are not available for reciprocating engines. However,
the relative magnitudes of thermal and fuel NOy are quite different for
reciprocating engines than for turbines because the engines generate about 10
times more thermal NOx than do the turbines. Thus, if the fuel for an engine
contained 1-percent nitrogen, and all of this were converted to oxides of
nitrogen, the exhaust would contain about 5 g/hp-hr NO2, By comparison,
uncontrolled large-bore diesel engines emit 7.5 to 18.7 g/hp-hr when using
distillate (No. 2) containing about 0.03-percent nitrogen(4).

A1l data presented in this document on emissions from diesel and dual

fuel engines are based on operation with No. 2 distillate (diesel 0il). The



possible effects of any of the controls to be discussed in this chapter on
the fuel-bound nitrogen are not known. Naturally, denitrification of the
fuel prior to its use will reduce the potential NOyx emissions, and this
"control" is discussed briefly in conjunction with fuel desulfurization (see
Section 4.4.13).

The rate of formation of thermal NO is a function of the residence

time of the atomic nitrogen with atomic oxygen at elevated temperatures. The

minimization of any or all of these three underlined variables forms the
basis for almost all successfully demonstrated NOx control methods. Although
exhaust treatment of the NO via catalytic converters has been proposed and
tested for gasoline-fueled automobj]es, research into its applicability to
diesel and large natural gas engines is just reaching the experimental

stage(5,6), This subject is treated in more depth later (Section 4.4.9).

4.1.2 Hydrocarbons (HC)

The pollutants commonly classified as hydrocarbons are composed of a
wide variety of organic compounds. They are discharged into the atmosphere
when some of the fuel remains unburned or is only partially burned during the
combustion process.

Most unburned hydrocarbon emissions result from fuel droplets that
were transported or injected into the "quench layer" during combustion. This
is the region immediately adjacent to the combustfon chamber surfaces,
where heat transfer outward through the cylinder walls causes the mixture
temperatures to be too low to support combustion.

Partially burned hydrocarbons, on the other hand, can occur for a

number of reasons(7,8):
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¢ Poor air-fuel homogeneity due to incomplete mixing priof to, or
during, combustion (i.e., local zones that are too rich or too
lean). The most common cause of this is improper maintenance or
design of the fuel handling system.

¢ Incorrect air-fuel ratios in the cylinder during combustion (i.e.,
the entire cylinder is too rich or too lean) due to maladjustment
of the engine fuel system.

o Excessively large fuel droplets (diesel engines). This is
generally the result of worn, clogged, or poorly designed
injectors and/or low injection pressures.

¢ Low cylinder temperature due to excessive cooling through the
walls or early cooling of the gases by expansion of the combustion
volume caused by piston motion before combustion is completed.
This condition commonly occurs in engines that have faulty
temperature control systems or have exceséive]y delayed ignition.

A1l of these conditions can be caused by either poor maintenance or

faulty design. Therefore, the Towest emissions will be achieved only by

proper maintenance of engines designed specifically for low emissions.

4.1.3 0Qdor

Odor in the exhaust is primarily a problem with diesel engines.
Although the smell is believed to be from some of fhe hydrocarbons in the
exhaust, a precise relation has not yet been established between exhaust and
odor(9,10,11). Considerable research has led to the belief that aldehydes
may be one cause of odor in diesel (and gasoline) exhaust. Aromatic
hydrocarbons and other unburned elements of fuel, as well as sulfur species,

may also be a source of odor(12).
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Subjective evaluation of automobile diesel odors has shown that in-
stalling sac injectors (see Section 4.5) and catalytic mufflers for
hydrocarbon control also reduces odor levels(13).

Standards for odor are not being developed at this time because odor
levels are low in the vicinity of large-bore engines (in part due'to their
relatively tall stacks), no control technology has been demonstrated
specifically for odors, and no readily implemented method exists for

measuring odor levels.

4.1.4 Carbon Monoxide (CO)

Carbon monoxide is an intermediate combustion product that appears in
the exhaust when the'reaction of CO to CO2 cannot proceed to completion(14),
This situation occurs ff there is a lack of available oxygen, if the gas
temperature is too low, or if the residence time in the cylinder is too
short(15)., The oxidation rate of CO is limited by reaction kinetics and, as
a consequence, can be accelerated only to a certain extent by improvements in

air-fuel mixing during the combustion process(16).

4.1.5 Smoke and Particulate Matter

White, blue, and black smoke may be emitted from IC engines. Liquid
particulates appear as white smoke in the exhaust during an engine cold
start, idling, or low load operation, These are formed in the quench layer
adjacent to the cylinder walls, where the temperatures are not high enough to
ignite the fuel. They consist primarily of raw fuel with some partially
burned hydrocarbons and lubricating 0i1(17), White smoke emissions are
generally associated with older gasoline engines and are rarely seen in the

exhaust from diesel or gas-fueled units. They cease when the engine reaches
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its normal operating temperature and can be minimized during low demand
situations by proper idle adjustment.

Blue smoke is emitted when lubricating 0il leaks, often past worn
piston rings, into the combustion chamber and is partially burned(18).
Proper maintenance is the most effective method of preventing these emissions
from all types of IC engines.

The exact formation mechanisms of black smoke are still not fully
understood, although a number of models and theories have been offered to —
explain its formation in diesel engines(19,20). It is generally agreed,
however, that the primary constituent of black smoke is agglomerated carbon
particles (soot). These form in a two-step process in regions of the
combusting mixture that are oxygen deficient(21). First the hydrocarbons
decompose into acetylene and hydrogen in the high temperature regions of the
cylinder. Then, when the local gas temperature drops as the piston moves
down and the gases expand, the acetylene condenses and releases its hydrogen
atoms. As a result, pure carbon particles are created. This mechanism of
formation is associated with the low air-to-fuel ratio conditions that
comonly exist at the core of the injected fuel spray, in the center of large
individual fuel droplets, and in fuel layers along the walls(22). The
formation of particules from this source can be reduced by designing the fuel
injector to provide for an even distribution of fine fuel droplets such that
they do not impinge on the cylinder walls.

Once formed, the carbon will combine with oxygen to form CO and COs if
it is still at an elevated temperature. Since the temperature of the exhaust
system is too low for this oxidation to occur, soot that leaves the
combustion chamber before it has had the opportunity to oxidize completely

will be discharged as visible particles.
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Becauase soot formation is very sensitive to the need for oxygen, its
‘discharge is greatest when the engine is operating at rich fuel/air ratios,
such as at rated power and speed. Therefore, naturally aspirated engines
are likely to have higher smoke levels than turbocharged engines, which

operate at leaner fuel/air ratios.

4.1.6 Sulfur Dioxide (S02)

Sulfur dioxide emissions are a function of only the sulfur content in
the fuel rather than of any combustion variables. In fact, during the
combustion process essentially all the sulfur in the fuel is oxidized to
soz.i/ Manufacturers of diesel engines currently recommended that users burn
only fuels which contain Tess than 0.5 percent sulfur(23).2/ This practice
is suggested to minimize corrosion, but it also results in SO emission
levels of Tless than 2 g/hp-hr from most internal combustion engines.i/
Nevertherless, fuel sulfur content may range as high as 1.0 percent according
to ASTM fuel specifications for No. 2 or No. 2D distillate 0ils(26). These

distillates are the fuels most commonly burned in stationary, large-bore

diesel engines. The refining of crude oil into the No. 1 and No. 2 distillate,

}_/Presuﬂab]y the ratio of 503 to SO2 in the exhaust of IC engines is a
function of the combustion process, as it is in boilers. Data are not
available to clarify this question, and in any case, the total sulfur
emitted is equal to the sulfur contained in the fuel.

E/This level, which corresponds to approximately 0.7 1bm/MBtu based on heat
input, is nearly one-half the value specified in the standards of perfor-
mance for new oil-fired steam generators (1.2 1bm/MBtu, assuming 40 per-
cent efficiency)(24). Existing steam plants average 3.0 to 5.0 1bm/MBtu

heat input (equivalent to 8.7 to 14.4 g/hp-hr output)(25).

E/For example, an engine firing 0.5 percent sulfur No. 2 distillate at a rate of
0.4 _b/hp-hr would emit 1.8 g/hp-hr of S02, assuming all the sulfur in the
fuel is converted to SO»,
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however, removes most of the sulfur {which becomes concentrated in the
residual o0il). Thus, engine users generally have no difficulty obtaining low

sulfur (less than 0.5 percent) distillates.

Similarily, ﬁatura] gas that is transported by pipeline is virtually
free of sulfur. That is, the gas from some sources contains very little sulfur,
and suppliés which do contain éulfur (usually in the form of hydrogen sulfide)
must, by law, be desulfurized before the gas can be transported in interstate
comnerce.; This chemical‘desulfurization technology is routinely practiced.

An "emerging" industry which makes "synthetic‘natura1 gas" from oil or coal
also desulfurizes it prior to sale.

However, sulfur is generally not removed from sewage digestor gas that
is burned onsite by large-bore IC engines. Nevertheless, as is discussed in
Section 4,4.13, engines operating on unprocessed sewage gas emit no more than
1 g/hp-hr of S02, which is less than the S02 emission rate from engines
burning 0.5 percent sulfur distillates. As a result, engines fueled with
distillates and gases are already relatively low in SOx emissions.

Therefore, the only potential 502 problem from reciprocating engines should
be those units that are fueled with residual oil. As discussed in Section
4.4.13, the most feasible control technique for S02 reduction in an engine is
the use of low sulfur fuels. Consequently, desu]furization costs are

discussed in Section 8.

4.2 FACTORS THAT AFFECT REPORTED NOx EMISSIONS LEVELS

Ambient conditions and measurement practices have been shown to affect
measured NOx emissions significantly (see Appendix C.2 and C.3). Recognizing

these effects, EPA's Office of Mobile Source Air Pollution Control has

required that specific ambient correction factors (to adjust measured NOx
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data to standard conditions of humidity and temperature) and measurement
procedures be adopted by manufacturers of diesel and gasoline engines whose
emissions are regulated under Title II of the Clean Air Act. For the same
reasons, ambient correction factors should be used when analyzing emissions
data from stationary IC engines. Likewise, consideration should be given to
potential impacts on the certainty of the data due to the measurement
procedures used.

To this ehd, Section 4.2.1 briefly reviews the effect of ambient
conditions on the reported NOx data and then recommends ambient correction
factors appropriate for stationary IC engines. Section 4.2.2, in turn,
discusses and compares the four different measurement practices used by the
nine manufacturers of large-bore stationary IC engines. Estimates of
uncertainty for three of the practices (relative to the EPA procedure) are
given for the manufacturers who did not follow the EPA practice. These
estimates will be used to determine the uncertainty in average emission

levels that were computed from data provided by the manufacturers.

4.2.1 Effect of Ambient Humidity, Temperature, and Pressure

EPA has adopted ambient correction factors for regulated mobile
sources, based on experimental studies(27,28). These factors are used to
correct observed NOx levels to values at a standard temperature (850F) and
humidity (75 grains Hy0/1b dry air) for heavy duty‘(HD) diesel engines and to
correct to standard humidity, only, for both heavy and light duty gasoline
vehicles(29,30), HC and CO emissions from both CI and SI engines are also
sensitive to ambient humidity, temperature, and pressure. One study of diesel
engines established that variations in hunidity did not affect HC, CO, or

smoke levels(3l). Temperature variations, however, did substantially affect
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HC, CO, and smoke levels, but no corrections could be generalized. In
another study of automotive spark ignition engines, ambient humidity
variations were shown to affect HC levels, and temperature and pressure
changes to affect HC and CO emissions(32). However, no factors could be
generalized for these effects.

Although the nine large-bore engine manufacturers provided ambient
conditions (barometric pressure and inlet air temperature and hunidity) for
much of their emission data, none of them reported emission data for a given
engine operated under a systematic variation of ambient conditions. Thus, at
this time it is not possible to directly derive ambient correction factors
for large-bore engines. Nevertheless, the response of these large-bore
engines to changes in ambient conditions is anticipated to be similar to that
observed in the smaller bore diesel and gasoline engines for which ambient
correction factors have been developed. In fact, one large-bore manufacturer
has adopted a humidity correction factor based on smaller bore engines to
correct NOx emissions data from diesel and natural gas-fired engines (33).
Although this manufacturer has not conducted a systematic study of the effect
of ambient humidity on NOx emissions, he believes the correction factor derived
from data on smaller bore engines is reasonable. This belief is based on the
reasonable correlation obtained by using these correction factors for a limited
number of tests with his own engines.

This section will, therefore, illustrate the effect of ambient
variations on reported NOy levels, briefly review existing ambient correction
factors, and recommend those suitable for application to large bore engine
data. (A more detailed discussion can be found in Appendix C.2.) These

ambient correction factors will then be used wherever possible in the
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remaining sections of this chapter to correct the data reported by the engine

manufacturers.

4.2.1.1 Examples of Ambient Effects on NOy Emissions from IC Engines

As mentioned above, several studies have shown the effect of ambient
humidity on NOx emissions(34,35,36). Figure 4-1(37) is taken from one of
these studies and illustrates the variation in specific humidity each month
during the year 1969 for Dearborn, Michigan. For this area, ambient humidity
varied from 20 to 120 grains H20/1b dry air over the year. The effect of
this variation on NOy emissions is shown in Figure 4-2(38,39) using the
correction factors that have been derived from experimental work for gasoline
and diesel engines. The NOx levels are shown to deviate as much as 25
percent from levels measured at standard conditions. Moreover, the
corrections factors used vary significantly as well, depending on the
particular study and type of emission source,

Variations in ambient temperature have also been shown to affect NOy
emissions. This effect is illustrated in Figure 4-3(40,41) and ranges from
5 to 25 percent depending on the particular study. Although the effect for
diesel engines is not as large as that produced by ambient humidity
variations, the change in brake specific emissions (g/hp-hr) can be
significant. This is particularly true for same large-bore spark ignition
engines, which emit as much as 20 g/hp-hr. Forlthese sources a 5-percent
ambient correction means a change in the reﬁorted level of about 1 g/hp-hr.

Variations in barometric pressure also can be expected to affect NOy
emission(42,43). Only one study, however, has evaluated this ambient
variation(44). This investigation used carbureted gasoline engines and found

NOx variations of as much as 40 percent due to changes in ambient pressure.
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These changes were attributed largely to variations in A/F ratio in the
carbureted gasoline engines. However, a correction factor for this effect
could not be derived for the different carbureted engines because each
erigine's emissions response to chapges in barometric pressure was too
inconsistant to generalize a correction.

Despite the lack of a quantifiable correction for changes in ambient
pressure, several studies have shown that scatter in emissions data taken at
different ambient humidities and temperatures can be reduced, significantly,
by applying the appropriate correction factors. For example, Figure 4-4(45)
i1lustrates the reduction in data scatter that is achieved with emissions
from HD gasoline engines by correcting for humidity only. The average
standard deviation from the six engines was reduced by a factor of about six
after applying a correction for humidity.

Figure 4-5(46) illustrates a similar result for ambient temperature
and humidity correction of diesel engines emissions. The average scatter
after correction was reduced to about one third of the scatter before
correction, Note, that in absolute terms, the reduction in scatter for
diesel engines was smaller (approx. 0.5 g/hp-hr) compared to the reduction
for gasoline engines (approx. 1.5 g/hp-hr). Both studies, nevertheless,
indicate that scatter in emissions data can be reduced significantly by

correcting observed NOy levels to standard conditions.

4,2.1.2 Selection of Existing Ambient Correction Factors for Application to
Large-Bore IC Engines
A1l existing ambient correction factors were reviewed that potentially
could be applied to adjust data from large-bore engines. A detailed

description of this review is presented in Appendix C.2. Candidate factors

are presented below. This discussion is divided into two sections depending
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on whether the correction factor can be applied to data from (1) spark
ignition (SI) or (2) compression ignition (CI) engines. Factors that have
been selected to correct both uncontrolled and controlled emission data from
the nine large-bore engine manfacturers are summarized following this

discussion.

Factors Applicable to SI Engines

Three ambient humidity correction factors are potentially applicable
to large bore, natural gas fueled engines, particularly four-stroke,
carbureted versions. These factors are summarized in Table 4-1(47,48,49)
Figure 4-6 is a comparison of the three factors over a typical range of ambient
humidities. Note that only one of the three factors is at a constant load
factor (Equation (2b)); the others are based on composite test cycles for
vehicles.

As Figure 4-6 indicates, there is a considerable difference in
correction factor depending on the study. A1l of the studies show,
nevertheless, that ambient humidity has a significant effect on NOx level.
The result for Equation (3), based on light-duty automotive gasoline vehicle,
shows the greatest sensitivity to variations in ambient humidity. These
varied responses of NOx level to changes in ambient humidity are not
unexpected since engines react differently to changes in inlet conditions.
Their response generally depends on their A/F ratid, fuel metering and
distribution system, and ignition characteristics. Since large-bore IC
engines typically operate at a constant rated load, the constant load

correction factor (Equation (2b)) has been selected for application to the

reported data.
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Previous investigators have been unable to establish an ambient
temperature correction factor for spark ignition IC engines because various
automotive engines respond quite differently to inlet air temperature
variations (see Appendix C.2). A limited amount of data exists for large IC
engines that show the variation in NOx emissions with ambient temperature, or
manifold air temperature for turbocharged units. Figure 4-7(50) illustrates
the change in NOyx level with a change in manifold air temperature for a large-
bore, four stroke per cycle, turbocharged (4-TC) gas engine. This response
indicates approximately a l-percent change in NOx level per OF change in
manifold air temperature. (A change in manifold air temperature is nearly
equivalent to the same change in ambient temperature.)

Figure 4-8(51) indicates the response of NOx emissions with changes in
ambient air temperature for large-bore, b]dwer-scavenged gas engines. These
results show approximately a 2-percent change in NOx per OF change.

Both Figures 4-7 and 4-8 indicate that NOy emis§ions from large-bore engines
are very sensitive to ambient temperature variations. Therefore the results
of Figure 4-7 will be applied to all turbocharged gas engine data, and the

results of Figure 4-8 will be applied to all nonturbocharged gas engine data.

Factors Applicable to IC Engines

A survey of the literature established two sources that have reported
ambient correction factors for truck-size diesel éngines. In the study by
Krause, et. al., a factor was developed that included the effects of
temperature and humidity(52). The results of this study were subsequently
adopted by the EPA for mobile heavy duty diesel engines. The other study was

conducted by the Coordinating Research Council (CRC) and only investigated
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Effect of manifold air temperature on a large-bore
4-TC engine (Reference 50).
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NO, emissions, 1b/10° Btu (LHV)

Figure 4-8,

40

50 60 70 80 90
Air temperature, °F

Test results of NOx emissions versus intake air
temperature for two blower-scavenged gas engines
(Refarence 51).

4-25

A- 18507

100



the effects of ambient hunidity(53). (A more detailed discussion of both
studies can be found in Appendix C.2.)

Figure 4-9(54,55) shows the ambient humidity correction factors
developed fram these two studies. The ambient humidity factors for SI
engines are also shown in Figure 4-9., In general, SI engines appear to be o
more sensitive to anbient humidity variations than CI engines. Note that the
results from the two CI engine studies are shown for specific CI engine types
(e.g., four-stroke turbocharged, aftercooled engines). In general, the data
show that NOy emissions from different engine types, particularly at Tow
humidity levels, respond differently to changes in ambient humidity. -

The Krause study also investigated the effect of amnbient temperature
on NOy emissions. Figure 4-10(56) presents the correction factors that were
derived for these smaller bore engines. It shows that NOy emissions from
naturally aspirated and blower-scavenged engines are more sensitive to inlet
air temperature changes than are the emissions from aftercooled units.

Since the Krause study systematically examined the effect of both
temperature and humidity for a number of CI engine types, his correction
factors have been selected for application to similar large-bore engine
types.
4.2.1.3 Summary of Ambient Correction Factors for App]ication to Large-Bore

Engine Data ,

Table 4-2(57,58,59) symarizes the ambient correction factors that
have been selected for application to the data reported by the nine large-
bore engine manufacturers. Note that, with the exception of SI temperature
factors, all the corrections are based on studies of smaller bore automotive

engine types. The corrections for CI engines are given for specific engine
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K= (Nox)corrected/(Nox)measured

1.25 :; 4-TC (AC), 4-NA } Ref. 54 //
2-BS
@ 4-NA /’
1.20 ¥ 2. } Ref. 55 ll ,
// //
1.15 ==== Sl factors / //
Cl factors 4

0.85

0.80

0.75

20 40 60 80 100 120
Ambient humidity (grains H20/1b dry air)

Figure 4-9. Comparison of CI and SI ambient humidity
correction factors.
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types. In addition all the factors are based on rated load conditions, since
large bore engines typically operate at, or near, rated load.

Although ambient humidity and temperature variations can significantly
affect the NO, emissions that are measured from a particular engine, these
variations, in general, are not responsible for the large variations in
uncontrolled emissions that were reported for similar engine types by
different engine manufacturers. The other sources of data variability
(Targely measurement practices and design differences among models) are

discussed in Sections 4.2.2 and 4.3.

4.2.2 Effect oijeasuranent Practices

Previous studies have shown that sampling instrumentation and
pfocedures have a large effect on emission levels. For example, a series of
studies conducted by the Coordinating Research Council (CRC) indicated that
uhcertainties in the measurement of NOy levels can range as high as 40

(60). This conclusion was based on the standard deviation of

percent
measurements reported by different laboratories for the same emission source,
expressed as a percentage of the mean emission level. CRC concluded that this
uncertainty could be attributed largely to poor calibration and measurement
procedures. The EPA, then in cooperation with CRC, showed that these un-
cértainties could be reduced to less than 5 percent using a specific set of
pfocedures(sl). Since then, EPA has proposed thét these procedures be used
to certify mobile, heavy-duty diesel and gasoline engines starting with the
1979 model year. The following paragraphs will briefly discuss the
measurement practices of each of the nine large-bore engine manufacturers who
reported emissionssdata. (Additional details regarding these practices can

be found in Appendix C.3.) Then uncertainties for each manufacturer's

4-30




practice will be estimated relative to the proposed EPA procedure. These
uncertainties will be used in Section 4.3 to establish upper and lower bounds
for estimated average emission levels from lTarge-bore IC engines.

Table 4-3(62,63,64,65) indicates which of the four measurement
practices was used by each of the manufacturers. Note that two manu-
facturers, Alco and Ingersoll-Rand, used what is essentially the EPA
procedure. For the purpose of this discussion the EPA procedure will serve
as a reference for comparison with the other three procedures, since it is
believed to be the most accurate.

Figure 4-11 illustrates each of the four procedures schematically,
and Table 4-4 summarizes the sources of error for the DEMA, SAE, and EMD
practices. (A more detailed discussion of these procedures can be found in
Appendix C.3.) The primary shortcoming of these practices is their failure to
adequately cdefine instrument performance and sample transfer procedures.
Unheated sample lines, inappropriate water removal devices, system leaks, and
failures of the convertor in the chemiluminescent instrument all lead to
errors in the measurement of NOy in the sample gas. The use of NDIR
instruments (SAE/EMD practices), can lead to overstated values of NO
emissions due to jnterferences resulting from the presence of water vapor in
the detector cell of the NDIR instrument. Considered together, these sources
of error can cause a large uncertainty in reported NOy levels. Figure 4-12
illustrates the overall uncertainty for data reported by each of the nine
engine manufacturers., (Again, a more detailed discussion of these
uncertainties can be found in Appendix C.3.) Note that manufacturers using
the SAE or EMD procedure could experience uncertainties of +20 percent.
Manufacturers using the DEMA practice, in contrast, are more likely to

experience understated (5 to 15 percent) NO, levels due to a loss of NOy
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TABLE 4-3. LARGE-BORE ENGINE MANUFACTURERS MEASUREMENT PRACTICES

Measurement Practice

Manufacturer EPA DEMAb SAE® EMDd
Alco | X
Caterpillar X
Colt X
Cooper Energy X X
DeLaval X
ElectroMotive (GMC) X
Ingersol1-Rand X
Waukesha X
White Superior X

(Div. Cooper)

4EPA's proggsed practice for 1979 Heayy Duty Diesel and Gasoline
Engines(62),

Diesel Engire Manufacturers Association (DEMA) Exhaust Em;ssion
Measurement Procedure for Low and Medium Speed Engines(63),

b

CSociety of Automotive Engineers (SAE) Recommended Practice J177a(63)

d (65)

ElectroMotive Division of General Motors Corporation Practice
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during the transfer of the sample gas to the relatively interference-free
chemiluminescent analyzer. These estimates of uncertainty will be used to
place upper and lower bounds on the average uncontrolled emission levels

computed in Section 4.3.

4.3 UNCONTROLLED EMISSION LEVELS

This section presents data on uncontrolled emissions from large-bore
engines. Average uncontrolled NOy emissions from these engines, weighted
according to sales, were derived from data supplied by manufacturers. By
applying a specified degree of NOx control to these average uncontrolied
emission levels, potential controlled (regulated) emission levels can be
established. The degrees of NOy control that can be applied are identified
in Chapter 6, which summarizes demonstrated alternative controls.

This approach to setting the standards requires an adequate sample of
emission data for each manufacturer's engine. Section 4.3.1 discusses the
current data base, and shows that emissions data have been reported for about
80 percent of all the large-bore engine models manufactured to burn diesel,
dual fuel, and natural gas. This large existing data base is representative
of all the engines to be affected by sfandards of performance.

Section 4.3.2 presents the uncontrolled emissions data for diesel,
dual fuel, and natural gas engines, and examines the sources of variations in
these data. Differences in the ambient conditions (temperature and humidity)
and procedures for measuring the emissions account for only small variations
in the data. The largest source of data variations is differences in engine

design. These differences and their effect on NOx emission levels are

discussed in Section 4.3.3.
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Because of these differences, a method is needed to characterize
uncontrolled emissions from each of the three fuels for which standards of
performance will be proposed. In Section 4.3.4, representative uncontrolled
NOx levels for each fuel are determined by weighting each manufacturer's data
(corrected for ambients where possible). Weighting is based on the percen-
tage of total horsepower sold by each mnaufacturer during the past 5 years,
and the weighted levels are bounded by estimates of measurement uncertainty,

based on each manufacturer's procedures.

4.3.1 Existing Data Base

The extent of the current emissions data base is illustrated in Table
4-5, which shows the number of large-bore manufacturers who produce engine
models within the diesel, dual fuel, and natural gas categories. The second
row of the table shows the number of models produced for each engine type
(e.g., 2-BS, 2-TC, 4-NA, and 4-TC). The lower two rows show the number of
models within each fuel and engine type category that contain (1) uncontrolled
and (2) controlled emissions data. Uncontrolled emissions data are available
from every manufacturer of large-bore engines, although a few manufacturers
have not conducted tests to reduce NOy emissions from their engines.

In general, as shown in the last column of Table 4-5, there are
unconfro]]ed emissions data for about 80 percent of the models produced for
each fuel category. The current data base contains more data than for those
models listed in Table 4-5, since there are data for several engines of the
same model for some manufacturers. This additional data is useful in
determining differences in emissions data from engines of the same, and
different manufacturers, as discussed in Section 4.3.3. Thus, a substantial
data base exists for characterizing uncontrolled emissions from diesel, dual

fuel, and natural gas engines.
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4.3.2 Uncontrolled Emission Levels

‘Uncontrolled emissions of NOy, CO, and HC (and nonmethane HC where
measured) are shown on Figures 4-13 to 4-15. On each figure the data is
plotted separately for each fuel (diesel, dual fuel, and gas), and is
differentiated by engine type (i.e., 2-BS, 2-TC, 4-NA, and 4-TC). Since in
general, the CO and nommethane HC levels from these engines are considerably
lower than the 1imits that apply to mobile vehicles and engines,ﬂ/ this
section i1s concerned primarily with NOy emissions. The effects of NOy
reduction techniques on 00, HC, and smoke emissions are discussed in Section
4.4,12, Figures 4-13 through 4-15 show that uncontrolled emission levels
vary considerably within each category of fuel and engine type. In Figure
4-13, fuel consumption, particularly for diesel and dual-fuel engines,
remains relatively constant despite wide variations in NOy levels among all
engine types. Since both NOx emissions and thermal efficiency increase as
cylinder temperature increases, efficient engines (low fuel consumption)
would be expected to show high NOy emission rates. As shown in Figure 4-16,
this 1s not the case among all engines of one fuel. NOyx levels and four- and
two-stroke diesel engines shown on Figure 4-16(a), however, appear to
increase as fuel consumption decreases, but other trends are not apparent fdr
other fuels and engine types. Although other design features (e.g., manifold

air temperature, air-to-fuel ratio, speed, torque, etc.) are probably more

ﬁ/For example, the proposed Federal Government standards beginning in 1979
for heavy-duty gasoline and diesel engines are 1.5 g/hp-hr hydrocarbon
(HC), 25 g/hp-hr carbon monoxide (CO), and 10 g/hp-hr hydrocarbon plus ox-
ides of nitrogen (HC + NOy). California regulations for 1977-1978 heavy
duty vehicles (greater than 6,000 1bs) are 1.0 g/hp-hr HC, 25 g/hp-hr CO,
and 7.5 g/hp~hr NO,.
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important in affecting uncontrolled NO, emissions and fuel consumption,
changes in operating conditions intended to reduce NO, emissions, generally
c&dsing fuel consumption to increase, as discussed in Section 4.4,

As noted in Figure 4-13(a), not all the NOy data can be corrected for .
the effect of ambient temperature and humidity. (Ambient correction factors y
for large-bore engines are summarized in Section 4.2.1.) The effects of
anbient variations, differences in measurement practices, and inherent
differences in engine design on the variability of uncontrolled NOy emissions
are sunmarized in Table 4-6{66) The data samples include only those data .
from Figure 4-13(a) that could be corrected for ambient variation. As this
table indicates, the largest source of variations in data is inherent
differences in engine design., This conclusion is similar to that of an
investigation of sources of emission data variability in gasoline
vehicles(67), In this study, researchers demonstrated that although
measurement and ambient effects were significant, variations among vehicles
caused most of the variations in NO, emissions for a series of tests on similar
vehicles. Sources of emissions variability due to engine design are discussed

in the following section,

4,.3.3 Effecf of Engine Variability on NOy Emissions

The eﬁission data supplied by the manufacturers: vary considerably. As
discussed abdve, small yariation can be attributed to using different
measurements%techniques or not correcting for ambient conditions. However,
most of the differences in emissfons from uncontrolled engines result from:
(1) variations in the production of a particular model, (2) variations among
different models of the same type (i.e., same strokes/cycle, air charging and

fuel), or (3) variations in the number of cylinders for a given model. In
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TABLE 4-6. SOURCES OF DATA VARIABILITY FOR UNCONTROLLED NOx EMISSIONS
FROM LARGE-BORE ENGINES

Mean® | Std. Dev.!|  Sources of Variahility®
Ambient | Measurement | Engine
NOx» o = .
FUEL glhp-hr c/NU;, % | AA/NOy, %| aM/NOx, % |AE/NOx, %
Diesel 10.2 34 6 High = 15 30 to 33
Low =5
Dual
Fuel 9.2 34 8 High = 18 28 to 33
Low =6
Gas 15.0 25 11 High = 9 20 to 22
Low =3

Mean values were computed from the corrected data shown in
Figures 4-13(a), (b), and (c).

bSources of variability are related according to the law of error
propagation (66), 1.e.,

o = / OAZ + AM? + AE?

This approach assumes each uncertainty is independent of another,
but there exists a statistical chance that the uncertainties could
occur at the same time.

Ambient corrections are based on factors presented in Section 4.2.1

The estimate for measurement uncertainty includes a high and low value
based on information presented in Section 4.2.2

Uncertainties due to engine design (AE) were computed from o, AA, and AM.
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this section, the uncontrolled data base is evaluated for these sources of
vériabi11ty, and furthermore, the data are examined for trends related to
differences in engine design, such as speed, torque (bmep), and manifold air
temperature. A1l of these analyses use data corrected for ambient variations

by the methods described in Section 4.2:1.

4,3.3.1 Production Variations

It is difficult to quantify variations in emissions among production
units of the same model. Up to now, manufacturers have concentrated on
obtaining emissions data for different engine models. Since no emission
regulations (with the exception of smoke 1imits) have been in effect for
stationary engines, there has been 1ittle impetus for manufacturers of large-
bore stationary engines to make exhaust measurements of engines leaving the
production 1ine. (In general, fewer than 100 units are produced each year
for stationary applications by any one manufacturer.) However, Colt and
GMC/EMD, as well as numerous manufacturers of smaller bore, heavy duty
engines for trucks have reported variations in emissions from production
models.

One large volume manufacturer of medium-bore engines has shown that
their laboratory units must emit at levels at least 25.percent lower than a
performance standard, to insure that their production models will comply with
the standard(68), This margin accounts for production variables that effect
emission levels in mass produced engines. For 75 percent of this
manufacturer's current engines meeting the Federal automotive emission
standard of 16 g/hp-hr (NOx + HC), current variation in 1.34 g/hp-hr (NOx +
HC). Moreover, this manufacturer believes that the magnitude of production

variation is independent of the emission level, and this belief is shared by
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several other manufacturers of medium-bore engines(69). For Targe-bore
engines, produced individually to higher tolerances, it is anticipated that
this variation should be smaller.

Colt reported less than a 3-percent difference between production
models in two NOy measurements of one in 1972, the other in 1975, from a
two-stroke, blower-scavenged diesel engine(70). Such a small difference was
unexpected. They suggest that the variation would more 1ikely be of
approximately 10 percent for production units, but they have no data to
verify this estimate. Colt has measured NOy levels of production spark

ignited engines (2-TC-G) within 3 percent of each other under similar ambient
conditions (71)

GMC/EMD has reported average NO, levels and standard deviations for
samples of their 2-TC and 2-BS diesel mode1s(72) . These results are
sumarized in Table 4-7(73). As this table suggests, these variations in NOy
levels of production engines may have resulted from ambient variations.

Inlet air temperatures varied over a wide range for both the turbocharged and
blower-scavenged units, and humidity was not recorded. An attempt was made
to determine whether these observed variations in emissions could be due to
changing ambient conditions. First, a correction was computed for each
extreme of the reported temperature range, using the methodology presented in
Section 4.2.1. These two maximum variations were then compared to the
reported data, to determine if temperature variations alone could account for
the scatter. Next, a correction was computed for both the reported
temperature variations and an assumed humidity variation ranging from 35 to
115 grains H20/1b dry air. These corrections were then compared with the

production variability; the results are listed in Table 4-8.
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Based on these corrections, temperature variations alone could account
for all of the variability in emissions from blower-scavenged engines, but
not for turbocharged engines. If humidity were to vary over the range used
for the calculations presented in Table 4-8, then differences in ambient-
temperatures and humidity could account for all the variability reported for

these engines.

4.3.3.2 Model Variations

Variations in Tevels may be attributed to differences in models for a
given manufacturer's engines. For example, NOy levels for a manufacturer's
4-TC-G models may vary due to differences in bore, stroke, turbocharger,
configuration (inline cylinders vs. vee), compression ratio, aftercooler, and
other engine design parameters. In an effort to?identify tbe magnitude of
model-to-model vari&tions, average NOy levels and%standard deviations were
evaluated for different models of the same fuel type from each manuf acturer.

Table 4-9 presents the results of this study. GMC/EMD, White Alco,
and Colt are not included in this table since they each manufacture only one
engine model (with different numbers of cy]inders? per air charging method.
Some of these models are configured for different fuels, for example, Colt
markets their 38D8-1/8 opposed piston engine modej as a gas, diesel, or dual
fuel engine, either blower scavenged or turbocharged. GMC/EMD and White Alco
manufacture one basic diesel-fueled, turbocharged design whﬁch differs
primarily in number of cylinders and speed ratingé. GMC/EMﬁ aléo markets
blower-scavenged units.

The other five manufacturers listed in Table 4-9 produce different
engine models within a given engine type. NOx levels reporfed by Cooper for

four 2-TC models varied by an average of 13 percent. These engines differed
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in bore, speed, number of cylinders, and torque (bmep), but were all operated
at the same inlet and manifold air temperatures. Delaval's data indicated

only a 4- to 5-percent variation between models for both gas- and diesel-fueled
engines. The percent variations shown for Waukesha, Ingersoll-Rand, and White "1
Superior, which were uncorrected for ambient conditions, should not be compared

to the Cooper and Delaval results because differences due to ambient conditions

could not be factored out. To the extent that conclusions can be drawn from

such a small sample size, it appears that NOy em1ss1on§ for any type of engine

(given strokes/cycle, fuel, and air charging) vary m¢re from manufacturer -
to manufacturer than among models in a manuf acturer's 116e. Emission variations

due to differences among manufacturers could be related to differences in

speed, bmep, or manifold air temperature. This possfbi]fty is addressed in

Section 4.3.3.4.

4.3.3.3 Variations With Number of Cylinders

Several manufacturers have suggested that NOy levels will vary for a
basic engine design depending on the number of cy]inderg, since the manifold
interacts with the turbocharger, Figure 4-17, which is a plot of NOx level o
(corrected for ambients) vs, number of cylinders, shows that NOy levels for
4-TC gas engines decrease significantly as number of cylinders increase, but
NOx emissions from 4-TC diesel and dual-fuel engines do not indicate a trend
with number of cylinders.

Figure 4-18 presents a different interpretation. The NOyx levels
(corrected for ambients) have been plotted vs. the number of cylinders for
each manufacturer's engines, which tends to reduce other sources of emissions

variation (such as design differences among manufacturers) that may have been

4-60



NOX, a/hp-hr

" V¥ Natural gas

47C (Y Dual fuel
| v v V¥ Diesel
20} g v
v
v ¥V
16}
v
v - v
12} 3 \% S
¥ g °
v R
v Y v
ol § v
v
v
v v
al-
011* | | | | |
0 ;i 8 12 16 20

Humber of cylinders

Figure 4-17. NOy production variation with number of cylinders.
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reflected in Figure 4-17. Figure 4-18 indicates that there is no clear trend
between NO, emissions and number of cylinders for either diesel or gas units.
The effect of changing the number of cylinders causes uncontrolled NOy levels
to vary fram 3 to 9 percent. Because EMD data could not be corrected for

éhbients, this data may not represent the effect of differences in the number

of cylinders.

4,3,3.4 Variations in NO, Level Due to Other Engine Variables

The results described above suggest that the variations in NOy levels
reported for engines of a given type are probably due to design parameters
that differentiate one manufacturer's engines from those of the others.
Consequently, uncontrolled NO, data (corrected for ambients) were plotted vs.
speed (rpm), manifold air temperature, and torque (bmep) to reveal any
emission trends with these design parameters.

Figure 4-19 {1lustrates NOy level variation with speed for two engine
types. The data for gas engines indicate increased NOy emission with in
creased speed. This is in contradiction to what one would expect from the
reasoning that decreased residence time (increased speed)4shou1d result in
Towered NOy emissions. Apparently other factors (e.g., increased cylinder
temperature or inherent design differences among different engines) are
responsible for this trend. The 4-TC dual fuel and diesel NOy levels appear
to decrease somewhat with increasing speed, as would be expected for lower
exhaust gas chamber residence times.

Variations in NOy level with manifold air temperature are shown in
Figure 4-20, The 4-TC-G NOy levels appear to be very sensitive to the design

air manifOTd temperature, but the diesel and dual fuels NOx levels do not.
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These results confirm expectations that NOy levels from premixed, vaporized
fuel combustion in SI engines may be strongly influenced by the degree of
aftercooling. On the other hand, CI engines are characterized by droplet
combustion, and NOy production under these conditions would depend more on
local A/F ratio than on overall air temperature.

Finally, Figure 4-21 illustrates the wide variation of NOy level with
torque (bmep) for 4-TC-G and 4-TC-D, DF units. If the cluster of CI data
around 150 psi is ignored, a trend of decreasing brake-specific NO, emissions
with increasing bmep for these units is apparent. No trend is apparent for
SJ units, except that they are generally not manufactured with bmep's
exceeding 200 psi.

Based on these preliminary studies, it appears that certain engine
design parameters may explain more of the variation NOy levels for engines of
a given type than variations in ambient humidity or temperature. That is,
NOy emissions for any type engine (given strokes/cycle, fuel, and air
charging) vary more from manufacturer to manufacturer than they do among
models within a manufacturer's line. Differences among manufacturers are
related to differences in speed, torque (BMEP), manifold air temperature, and
combustion chamber design. For example, limited data show that NOy emissions
from 4-TC diesel and dua) fuel engines decrease as speed increases. NOy
emissions from 4-TC, natural gas (SI) engines increase directly as design
manifold air temperature increases. However, no clear trends can be
established for the effects of number of cylinders and torque (bmep). These
observations suggest that some form of weighted average is required to
characterize uncontrolled NOy emissions from each of the three fuels. This

approach is discussed in the following sections.
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4.3.4 Sales-Weighted Uncontrolled Emissions

Since the sources of varjability due to engine design cannot be
specifically identified, a procedure is required to characterize uncontrolled
emission levels of engines which are sold for similar applications.

The procedure adopted here is to compute a weighted, average uncon-
trolled emission level for engines in the diesel, dual fuel, or natural
gas categories. The three weighted levels are based on sales of engine
horsepower during the past 5 years for domestic applications. Sales of
horsepower to standby services were excluded from this computation, since
engines sold for standby applications will be exempted from standards of
performance (see Chapter 9). Therefore, these engines should not influence
the selection of regulated emission levels.

- The sales-weighted averages for diesel, dual fuel, and natural gas
engines are presented in Figure 4-22, which also show each manufacturer's
uncontrolled NOy data. The weighted averages are based on data corrected for
ambient conditions where possible. The weighted average uncontrolled NOy
level for diesel engines is 11.0 g/hp-hr, for dual fuel units, 8.1 g/hphr, and
for natural gas engines, 15.0 g/hp-hr. The emission reductions discussed in
Sectiﬁn 4.4 and summarized in Chapter 6 can then be applied to these levels
to determine potential regulated levels of NO,.

ﬁ Measurement uncertainties are associated with each of these weighted
levels and are shown in Table 4-10. These uncertainties should be applied to
the cbntro]]ed NOy levels that are determined by applying the NOy reductions

denon$trated by the alternative control systems.
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TABLE 4-10. WEIGHTED MEASUREMENT
UNCERTAINTIES FOR SALES
WEIGHTED NOy LEVELS
Upper Lower
Fuel g/hp-hr | g/hp-hr
Diesel 1.0 0.9
Dual Fuel 1.0 0.4
Natural Gas 1.3 0.5
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4.4  NOy EMISSION REDUCTION TECHNIQUES

This section describes techniques that have been used, or are being
evaluated for use, to control NOy emissions from IC engines. Sections 4.5
and 4.6 discuss control techniques that are designed primarily to reduce
other pollutants (HC, CO, smoke). Since SOy emissions are directly related to
the fuel sulfur content, these emissions are discussed in 4.4.13, combustion
of nonstandard fuels.

The data presented here come from tests on engines whose operating
conditions were altered or which were equipped with emission reduction
devices. These tests were conducted in manufacturers' laboratories rather
than in field installations. The discussion of each potential control
téchnique centers on how the technique works, its effectiveness, resulting
fuel penalties, effects on other pollutant emissions, technical limitations
to its applications, and cost implications (i.e., additional fuel,
maintenance, or hardware expense incurred by the application of the control).

Most techniques for controlling emissions from IC engines involve
engine modifications rather than add-on tail gas treatment facilities.
Engines are designed for optimum operation within one or more of the
following constraints: application, initial cost, fuel consumption,
maintenance requirements, reliability, and commitment of a company's

engineering staff to a design.é/ Each engine design satisfies the constraint

——

§/Stationar‘y reciprocating IC engines, and particularly the large ones, may
be required to deliver thousands of hours of continuous operation at rated
load under varying ambient conditions without significant maintenance, or
to start without failure by remote control and deliver full power within
10 seconds. Since these are severe demands, manufacturers feel committed
to a proven design and are, therefore, reluctant to make significant design
changes (e.g., changed piston or cylinder shape or strokes per cycle).
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differently. For example, one engine may operate at 4° BTDC while another at
5° BTDC to meet the same NOy emission level. Therefore, the data are grouped
by engine type and fuel in the tables and graphs that follow. In addition,
whenever there is a specific, known reason why one type of engine responds
differently to the application of controls than does another, these
differences are explained in the accompanying discussion of the control

technique.

The reductions in NOy shown here were achieved by investigators for current

production engines. In general, no attempt was made to optimize the engine

for the controlled settings (i.e., decrease fuel consumption, reduce maintenance,

etc.). Thus, these results must be viewed as those achievable if no attenﬁt
is made to reoptimize an engine's controlled setting.

As discussed in Section 4.,2.2, the manufacturers' data were measured
using one of four measurement practices (EPA, DEMA, SAE, EMD). Although
differences in three of these practices relative to EPA's may cause
uncertainties in the reported levels, the data are considered adequate for
the purpose of setting standards of performance since these are small in
comparison to those in emissions due to inherent differences in engine
design. (Measurement uncertainties for uncontrolled emissions are discussed
in Sections 4.3.2 and 4.3.4.) Furthermore, the reported emissions data have
been corrected to standard conditions of humidity and temperature (when

ambient data were recorded) using the ambient correction factors presented in

Section 4.2.1 Dashed Tines on the figures in this section indicate NO, reduc- .

tions after ambient correction.

The control systems discussed in this section are listed below in
their order of presentation.

1. Derating (D)

2. Retard (R)
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. Changed air-to-fuel ratio (AfF) .
. Turbocharging with aftercooler (TC)

Reduced manifold air temperature (MAT or M)

3
4
5
6. Exhaust gas recirculation (EGR) -- internal (IE) and external (EE)
7. Water induction (H20)
8. Combustion chamber redesign (CCR).
9. Catalytic converters

10. Combinations of the above
Several abbreviations will be used on the charts and tables in this chapter;
they are listed in Table 4-11. Fuel consumption data on the charts and
‘tables are based on a lower heating value (LHV) of 18320 Btu/1b (10160
kcal/kg) for No. 2 diesel oil.

A qualitative summary, by po1Tutant, of the effect of each control
technique on each engine type as shown by the available data is presented in
Table 4-12. Sections 4.4.1 through 4.4.10 give guantitative results for each
of these techniques. Graphs are presented that show (1) the NOy reduction for
the largest degree of control applied for each manufacturer and (2) the effect
on emissions and fuel consumption as the amount of control is varied. The
information presented in the second set of graphs has been normalized by the
baseline or uncontrolled level. This condition is denoted on the graphs with
a subscript "U" for uncontrolled. The controlled condition is denoted with
a subscript "C" for the controlled level. Section 4.4.11 summarizes the data
presented for each of the above control approaches.

Then in Section 4.4.12, the effect of NOy control on the emission of
other pollutants is examined. This review will help to illustrate whether

standards of performance may be required for other pollutants in addition to
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TABLE 4-11. ABBREVIATIONS FOR ENGINE TYPE AND EMISSION CONTROL

TECHNOLOGY
Abbreviation Explanation
Fuel
D Diesel
DF Dual Fuel
G Gas (i.e., natural gas)
Strokes/Cycle
2 2-stroke/cycle engine
4 4-stroke/cycle engine
Air Charging
BS Blower scavenged
NA Naturally aspirated
TC Turbocharged (and intercooled)
Control Techno'logya
D Derating
R Retard
TC Turbocharged (and intercooled)
A or A/F Increased air-to-fuel ratio
M or MAT Decreased inlet manifold air temperature
EGR(I) Exhaust gas recirculation — internal
EGR(E) Exhaust gas recirculation — external
Sb Increased speed
INJ Modified injectors
H20 Water induction
W/F or w/f Water-to-fuel mass induction ratio
PC Precombustion chamber
VT Variable throat precombustion chamber
CCR Combustion chamber redesign
Cat Catalytic converter

4pM and RMA are used to denote the combined use of retard,
decreased air temperature, and increased air-to-fuel ratio
bIncreased speed included because data are available, but it is

not considered to be a viab]e control technique (Subsection 5.3.12)
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NOy. Finally, Section 4.4.13 discusses the effect of burning nonstandard
fuels on emissions from stationary IC engines.

The data that appear in this chapter can also be found in Appendix
C.1, where they are tabulated by engine. This appendix presents all the

available data on emissions and fuel consumption for large-bore engines.

4.4.1 Derating
When a manufacturer advertises or sells an engine, he guarantees that .

it will produce a given power at a stated speed. These conditions are called
"rated conditions" and can be specified either for maximum, intermittent, or
continuous operating conditions. The maximum rating usually refers to the
peak power that cén be achieved by the engine, but manufacturers generally
recommend that the engine not be operated at this level. Intermittent
ratings typically indicate the power output that the engine can produce for

a l-hour period with ét least a 1-hour period of operation at, or below, the
continuous rating‘before the next surge to the intermittent leve1(74)
Continuous rating, of course, applies to uninterrupted operation (e.g., 24
hours per day, 365 days per year with Shutdowns fof maintenance only).

Ah engine can be derated by restricting its operation to a lower level
of power production tﬁan normal for the given app11catioﬁ. The effect of -
derating is to reduce cylinder pressurés and temperatures and thus to lower
NO, formation rates. Although NOy exhaust concentrations (i.e., moles of NOy
per mo]e‘of exhaust) ére reduced, it is quite possible for thfs reduction to
be no greater than the power decrease. In such a case Brake specific
emissions (i.e., gramé NO, per horsepower-hour) are not reduced. This is
especially true for fdur-stroke turbocharged engines as shown in Figure

4-23(75) . 1n addition, air to fuel ratios change less with derating for
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turbocharged engines than for naturally aspirated or blower-scavenged units.
Thus NOy emissions are less responsive to derating for turbocharged engines.
Derating also reduces the engine's operating temperature, which then results
in higher C0 and HC emissions. This happens because the temperature
dependent reactions that reduce these pollutants are less active(76),

Demonstrated NOy emission reduction levels due to derating are shown
in Figure 4-24 for a number of different engine types and fuel. Based on
these data, emission reductions ranged from 1.2 to 23.0 g/hp-hr for naturally
aspirated or blower-scavenged engines and from 0.2 to 10.8 g/hp-hr for
turbocharged units. Since these results were obtained with varying amounts
of derating, it is more informative to compare the effectiveness of this
emission control technique on a normalized basis -~ i.e., percent NOy
reduction per percent derate, On this basis, results for naturally aspirated
or blower-scavenged engines varied from 0.25 to 6.2, whereas those for
turbocharged units varied from 0.01 to 2.6. No relationship was found
between normalized effectiveness and uncontrolled emission level, number of
strokes per cycle, or fuel,

Figure 4-25 11lustrates the effect of different amounts of derating on
NOx emissions and fuel consumption for diesel, dual fuel, and gas engines,
respectively. Figure 4-25(a) shows that derating decreases brake specific
NOx emission from some diesel engines, but increases them from others. In
general, NOy reductions range from 2 to 25 percent for 25 percent derating
and brake specific fuel consumption increases range from 2 to 5 percent.
With 50-percent derating, NO, reductions range from 15 to 45 percent and fuel
penalties from 4 to 16 percent. Engines No. 10 and 11, both two-stroke

blower-scavenged, achieved the largest NOy reduction (and highest fuel penalties).
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Figure 4-25(b) also shows mixed results for derating dual-fuel engines
but with substantially less variation than among the diesels., Thus derating
caused an increase in NOy in only one engine. In general, 25 percent derating
reduces NOy emissions 20 to 35 percent and increases fuel consumption 2 to
8 percent, Derating by 50 percent produces NOy reductions of 30 to 65 percent,
but at the same time fuel usage goes up 10 to 30 percent. In general, small
amounts (25 percent or less) of derating appear effective in reducing NOy
emissions from dual fuel units, and such reductions are accompanied by fuel
penalties of less than 8 percent.

Figure 4-25(c) shows that the derating of gas engines produces a wide
range of NOy reductions. In general, the nonturbocharged engines achieve
the largest reductions, since derating has a greater effect on their air-to-
fuel ratio. For example, blowers on blower-scavenged units operate at
constant speed, independent of load; therefore, as the fuel flow is reduced
to decrease output, the air-to-fuel ratio increases, causing a NOy reduction,
The turbocharged engines, in contrast, maintain a more nearly constant air-
to-fuel ratio, and consequently, experience less of a NOy reduction.

Derating does not require additional engine equipment, and the only
operational adjustment is to the throttle or governor setting in order to
restrict the engine power output. In most cases, this adjustment can be made
in the field, although one could presumably equip & new engine with a fuel
pump or carburetor whose maximum fuel delivery capacity corresponds to a
derated condition. When derated, the engine's efficiency is reduced, and
hence, the fuel consumption is increased. Moreover, when an engine is
derated, a bigger, more expensive unit must be purchased to satisfy a given

power requirement.
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4.4.2 Retarded Ignition Timing

As mentioned in Chapter 3, combustion is initiated by the injection
of fuel o0il in a diesel or dual-fuel engine, or by a spark in a natural gas
unit. The effect of variations in the timing of this injection or spark
discharge is the same for both kinds of engines; that is the event can be
described as combustion ignition in both cases. Therefore, this control
technique is termed retarded ignition timing, or retard.

Ignition in a normally adjusted engine is set to occur shortly before
the piston reaches its uppermost position (top dead center, or TDC). At TDC
the air or air-fuel mixture is compressed to the maximum. The timing of the
start of injection or of the spark is given in terms of the number of degrees
that the crankshaft must still rotate between this event and the arrival of
the piston at TDC. The extent of retard is then expressed in degrees
relative to normal ignition. Typical retard values are 20 to 60, depending
on the engine. Beyond these levels fuel consumption increases rapidly, power
drops, misfiring (erratic ignition) occurs, and smoke from diesel engines
becomes excessive(77),

After ignition, the burning combustion gases expand, driving the piston
downward. This is calied the power stroke. When ignition is retarded; the
duration of the cambustion process does not change significantly, but rather
is initiated closer to TDC and is extended longer ‘into the power stroke.
Consequently, the combustion process occurs later during higher exhaust
temperatures.

In theory the fuel delivery system in diesel engines could be altered
to reduce the duration of injection and thereby decrease the quantity of fuel
that is combusted late in the power stroke. Such changes would require

increases in the injection pressures above current levels, which are already
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high. One manufacturer of medium-bore engines, Cummins Engine Co., developed
their own high pressure fuel pump for this application because there was no
suitable commercial component on the market. Low-volume manufacturers of
medium-bore engines, however, depend on outside sources for their fuel pumps
and have stated that the inavailability of this critical Eomponent restricts
their use of retard (e.g., to 2° to 6°) at this time(78). One manufacturer
of large~bore engines reported an unsuccessful attempt at increasing
injection pressures(79). He found that this higher pressure compressed the
puel and expanded the fuel lines and consequently, the fuel injection time
was not decreased. Presumably, the test could be conducted with fuel
handling equipment so that expansion of the fuel lines, at least, would not
prevent a manufacturer from reducing his injection period.

Retarding ignition decreases NOy formation at the expense of reduced
efficiency, thus increasing fuel consumption. Emissions of HC and CO are
generally insensitive to retard except in the extreme case where misfiring
can occur. That is, the higher exhaust temperatures, which tend to improve
the oxidation of any remaining unburned fuel or carbon monoxide, offset the
effect of shorter residence times in the cylinder. Smoke in diesel engines,
however, increases rapidly after moderate degrees of retard (2° to 6°).

Figure 4-26 presents the level of reduction demonstrated for a range
of engine types. Based on these data, the percent:of NOx reduction per
degree of retard ranged from 1.2 to 6.9 for naturally aspirated or blower-
scavenged engines and from 0.6 to 8.5 for turbocharged engines. Actual
reductions due to retardation between 3 to 10 degrees ranged from 0.4 to 7.3
g/hp-hr for all engines. The effect of the control is to consistently reduce
the level of NOy produced, although the magnitude of the reduction can vary

considerably between engine types or within an engine category.

4-89



L29%8) -y

“uorjdunsuod |anj pue SUOLSSLWD XQN UO pJRI3A JO 393433

2 09 S 92 SL 6 S ¥ 8L 2t [l
y r v ¥ ¥ ¥ t 2 2 . ¢ 2
i 1 S T S T s ¥ S ] W | G ) AR | S ¥ S T R ¢
B ELBLYL ¥9 S°L 972 8°0 §°Z 6L ¥L --
|€¥99 0/89 2969 LyLL 99ES €799 LL99 L1¥L9 VELI 6199 —-

¥y 91 2 8 ¥ ¥ ¥ € ¥ oL ¥

6EBELO6Y L2 ¥y BEC L°L L'S vy 0L

91 9 €1
v v 2
a1 A
6°2 'L L'OL
99 O¥E9 OVOL
£ v 8

€9 [°L 88

piR}ad sagubap/uoryonpau Yoy WA,

9% S¢ 82 02 ¥ ¥ S9 ¥ ¢ L
¥ vy ¢ v v ¥ 2z 2 Z 2
4 3L 3 3 3L VW 31 31 3L s8
§°6 SE 270 O ¥L ESLYE L'Y EY 2SS
0059 00SZ 6£18 00EL PLESOVBL S92L 0979 SLL9 L21L
L 0L 9 O 0o 6 € 14 ¥ 9

6t 0°S L'L L'¥ €0 ¥0S'9L L'Z L't 92

"92-t 94nbL4

Jaqenu auibul
a1243/saxoals
6ujbaeyd 41y

ISEAIIU} JUIIIAG

WOl 3deNSWaD 3Ny P[] 0UTUOI]

bug3las paepueys

BOR) pavjaua saaubog
n:owuu:vf PIZ4 jeuioy

Lang

Z
K/
; ! v
“ '
“ ’ : ; ’
“ 1] 1 q “ 8
5 " ] 1
+ a n m Ha
A mﬂ, q .ué A m % ol
Jy-d
0 i 4 ;— z Mhu—._\.w.
A :
H s— 11
]
]
612 1 n
‘_’ 8L
0°62 0z
2
0009
v v ° v v o v v
v
Yiov o, v i v oV v o (ay-du/mag)
\ v ¥ v v uo{3duNsU0d |an
v 0008 314123ds Iyeag
‘_- 0006
195910 Leng sey paeyan

4-90




Several manufacturers have investigated the effect of different
amounts of retard on NO, emissions and fuel consumption for diesel, dual
fuel, and gas engines. Their results are shown in Figures 4-27 and 4-28.
Figure 4-26 shows that the effect of retarding fuel injection on NO, levels
and fuel consumption is similar for different diesel engine types. That is,
4 degrees of retard reduces NOy from 22 to 30 percent (i.e., 26 +4 percent),
and 8 degrees reduces NOy 39 to 44 percent. Note that the NOy reduction per
degree of retard decreases for increasing levels of retard. In contrast,
fuel penalties increase at a greater rate with increasing retard. Thus,

4 degrees of retard causes a 2-perceht fuel penalty, 8 degrees a 6 percent
penalty, and 12 degrees a l12-percent penalty. Therefore, maintenance and
durability considerations aside, there are diminishing benefits to
retarding diesels beyond a certain point, because increases in fuel
consumption exceed decreases in NOy levels.

Figure 4-28 shows similar results for gas and dual-fuel engines,
although the data are more scattered. In general, ignition retard for gas
engines is not as effective in reducing NOy Tevels as it is for diesel and
dual fuel engines. For example, 4 degrees of ignition retard gives about a
15 percent NOy reduction in gas engines as compared to around 25 percent for
diesel and dual fuel units. Note that the amount of NOy reduction remains
constant after a certain point for the two naturally aspirated engines, but
fuel consumption continues to increase rapidly. In addition,'there are
practical limits of ignition retard for all gas engines. Spark-ignited
engines are more sensitive to ignition timing and, therefore, misfire and
exhibit poor transient performance when the ignition timing is not very close

to the design point.
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Special equipment is not required for injection ignition retard as
it involves only an adjustment of the engine spark or injection pump timing.
Typically, the nominal setting of the ignition time is fixed by means of hardware
jtems, such as crankshafts. Means are then provided for adjustments, or fine
tuning, about this nominal value to compensate for variations in altitude,
fuel, engine wear, etc. Manufacturers usually perform this fine tuning service
during the production run-in of the engine, but the adjustments also can be
made by the operator. This typically occurs every 10,000 hours in the course
of normal maintenance, but the setting is actually verified or corrected weekly.
As stated earlier, peak cylinder temperatures and pressures are
lowered by retard, and,lhence, the thermal and structural loadings are
lowered. However, the delayed combustion causes higher exhaust temperatures,
which may lead to rapid deterioration of the exhaust valves if the exhaust
temperatures exceed the design limits of the valve material. According to a
manuf acturer of gas-fueled engines, the values in their current production
engines can withstand temperatures up to 1300°F, and the turbochargers are
limited to 12009F (these two temperature 1imits are not inconsistent because
the exhaust gas cools between the cylinder exhaust and the turbocharger
in]et)(so). Current cylinder exhaust temperatures range from 9009F to
12500F, Nevertheless, one manufacturer determined that 49 retard of ignition
in a dual-fuel engine caused a 25-percent reduction in the maintenance 1life
of his current valve material(81). Another manufacturer reported that his
naturally aspirated SI engines are presently operating near their exhaust
material limits (13000F) at rated load conditions. Data from one engine
showed that 10 degrees of ignition retard caused the exhaust temperature to
increase from 12639 to 13709 . (NOy emissions were reduced 17 percent.)

Therefore, the application of retard to meet standards of performance may

4-94




require more frequent engine maintenance or greater initial cost for higher

temperature exhaust material,

4.4,3 Air-to-Fuel Ratio Changes

The air-to-fuel ratio is defined as the mass flowrate of air ingested
by the engine divided by the mass flowrate of fuel consumed. This ratio is
termed stoichiometric if precisely enough oxygen is present in the mixture to
completely oxidize the fuel. When the ratio is greater than stoichiometric,
excess air (oxygen) is present, and the mixture is referred to as lean.
Conversely, a lower than stoichiometric ratio is commonly called fuel rich,
or simply rich, because more fuel is present in the mixture than can be
completely burned.

The maximum NOy, and minimum HC and CO emissions will generally occur
at an air-to-fuel ratio slightly leaner than stoichiometric. Although
maximum flame temperatures occur at less than stoichiometric ratios, maximum
NOx levels do not occur until lean A/F ratios when oxygen availability is
increased. Perfect mixfng of the air and the fuel never occurs in existing
engines; therefore, some excess air is necessary for complete combustion and
minimum HC and CO emissions. These relationships are shown in Figure
4-29(82) for a gaso]ine-fﬁe]ed automobile engine. Similar curves apply to
diesel- and gas-fired units, with different peak levels for the various curves
and shifts in the air-to-fuel ratio that correspond to peak NOy generation.
When the engine 1s operated rich, HC emissions rise sharply because the
available oxygen is no longer sufficient for complete combustion of the fuel.
The lack of oxygen for combustion also means it is not present for NOy

formation and so, despite the high cylinder tamnperatures, NOy formation will

drop sharply at increasingly rich mixtures.
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